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LEGAL  NOTICE 


This  report  was  prepa^^l^^an  account  of  Giovernrftent  sponsored 
work.  Neither  the  United  States,  nor  the  Department  of  Defense, . 
nor  any  person  acting  on  .  behalf  oL  the  Departmeii't''of  Defense: 

A,  Ktokei's any  warranty  or  representation,  expressed  or  implied 
with  respect  to  the  accuracy,  completene^,  or  usefulness 
of  the  information  contained  in  this  report,  or  that  the  use 
of  any  Information,  apparatus,  method,  or  process  disclosed 
in  this  report  may  not  infringe  privately  owned- right;  or 

B.  Assumes  any  liabilities  with  respect  to  theuseof,  or  for 
damages,  resulting  from  the  use  of  any  Information,  appara,> 
tus.  method,  or  process  disclosed  in  this  report. 

As  used  tntheaboVe,~"per8on  acting  on  behalf  of  the  Department 
pf^Dafense"  includes  any  employee  or  contractor  of  the  ^part- 
‘ment,  dr  employee  of  such"  contractor,  to  the  extent  that  sucji 
employee  or  contractor  of  the  Dei^rtmentof  Defense  ,j«LempIOyee 
of  such  contractor  prepares,  disseminates,  or  provides  access,  tb, 
any  Inforihatlonpursuant  to  his  employmi^nt'-or  contract  with  the. 
Department  of  Defense,  or  his  employment  with  such  cdfttractoF. 
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I.  INTRODUCTION 


On  September  7,  1961.  the  General  Electric  Company  submitted  a  projiwsal  to  the  Advance  Research 
Project  ARsney  for  a  three- year  program  of  experimental  studies  on  thermionic  converter  materials. 
/  The  V  >r'  o-oposed  ionsisted  qf  a  systematic  and  continuing  effort  to  obtain  the  thermal,  mechanical. 
V  chen'i.tal.  and  electrical  properties  of  carbides  and  borides  of  rare  earth  atid  transition  metals  which 
i'l  might  be  used  in  thermipnie  converters.  The  work  schedule  propose«l  was  a.s  follows; 


J/\"  .. 


1st  Year 


Material  Fabrication 
Property  Measure, ments 

I- 

Irradiation  ^ests 

Post- Irradiation  Measurement 


2nd  Year 


3rd  Year 


Subsequent  to  submission  of  this  proposal,  a  contract  fpr  the  first  year's  program  was  negotiated 
with  the  U,  S.  Bureau  of  Ships  on  November  15,  1961. 

■  "  ”  ■■■  ■  ■»  \  i  .  ■ 

This  final  technical  report  describes  e?|perlniental  work  conducted  during  the  period  July  196jk  -  Cep- 

tember"1962  under  Contract  NObs  66289.  ARPA  219-61,  Task  No.  2.  Data  obtained  are  discussed 
in  the  separate  sections  of  this  rfeport.  Quarterly  reports  prepared  during  the  course 

of  this  program  were  issued  on  January  15.  ApriM5,  July  15,  and  September  15,  1962. 

1.  Propcfsal  for  Thermionic  Converter  Materials  -  GESP-62.  September  7,  1961. 

>i*  2.  Progress  Report.,#!,  “Thermionic  Cathode  Material  Properties".  - 
o  3.  Progress  Report  #2,  "Thermionic  Cathode  Material  Properties".  _ _ _ _ 

4.  Progress  Report  #3,  "Thermionic  Cathode  Material  Properties". 

5.  Progress  Report  #4,  "Thermionic  Cathode  Material  Properties". 
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IT.  SUMMARY  AND  RECOMMENDATIOWS 

ij  ^  „  '  .  "  ■  ■ 

To  meet  the  needs  of  nuclear  ther.tnionlc  applications,  fuel- emitter  materials  must  posses  a  combi¬ 
nation  of  specific  chemical,  nuclear,  physical,  and  mechanical  properties.  Uranium  and  thorium- 
bearinft  carbides  )^id  two  selected  rare  earth  h^aborldes,  EuBg  and  Y60,  have  been  studied  to  es¬ 
tablish  some  degree  of  quantitative  knowledge  of  these  materials  and  the  properties  which  they  exhibit 
...  in  the  thermal  and  chemical  environment  hn  which  they  would  most  likely  be  employed  in  thermionic 
applications.  The  data  obtained  Indicate  the  following; 

1,  Reproducible,  routine  fabrication  techniques  for  the  preparation  of  these  materials  i'eqiUres 


further  study  to  assure  that  control  of  stoichiometry  and  density  are  maintained,  and  tha|/"’ 

V- 

all  shapes  and  sizes  l]dcely  to  be  requested  by  the  engineer,  can,  in  fact,  be  produced.  FUel- 
bearing  carbide  fabrication  technology  is  not  as  advanced  as  UO2  fabrication  technology. 

2.  Oh  the  basis  of  fabrication  and  test  experience,  the  thermal  shock  resistance  of  the  uranium 
bearing  carbides  is,  very  probably,  Inadequate  for  applications  which  require  that  the  fuel 
emitter  retain  structural  integrity  under  thermal  cycling  and/or  severe  temperature  gradient 
conditions,  i.e.  unclad  applications. 

3.  The  thermophysical  properties,  thermal  conductivity,  electrical  resistivity,  and.emissivity  , 

of  carbide  materials  are  superior  to  corresponding  oxide  materials  and  approach  properties 

».  ..  "■ 

CThiblted  by  mStaillc  materials.  This  is  significant  in  that  for  clad  fuel-emitter  concepts 
both  the  maximum  temperature  of  a  carbide  fuel  and  the  temperature  gradient  in  a  carbide 

V«.;\ 

.  fuel  will  be  lower  lor  specific  applications  when  compared  with  corresponding  oxide  systems. 

o. 

4.  The  vapor  pressure  properties  of  the  rare  earth  borides  indicate  that  an  upper  temperature 
limit  in  the  neighborhood  of  1400  C  exists  for  any  application  involving  prolonged  time  at  „ 
temperature. 

5.  (.  The  work  functions  of  bulk  carbides  generally  fall  slightly  below  that  of  tungsten.  In  appli- 


G|,tion  involving  thin  coatings  of  carbides,  the’ work  fundUon  may  be  modified  due  to.  metallic 
i^piuln  deposits  on  the  emitting  surface  which  result  from  reduction  of  the  carbide  by  the 
8u|sti»M:  mktetial./  ^  "  '  „  "  ^ 


6>,  ^Th|  wo#k  )func|lons  of  rare  earth  hexaborides  have  been  reported,  alttough  not  confirmed, 
(f  ^ rang^roml~4. 8  v  |or  EuBg  to  ~2. 2  v  for  YBg.  The  low  value  of  YBg  may  be  the  result 


^Of^  stfnpfe  phenomenon,  slfice  work  by  Kaznoff  has  disclosed  that  YBg  vaporizes  Incon- 
gru^fttly.wlth  a  boron- ri^;vappr.  reported  woi'lf  function  values  are  accepted  as 
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valid,  the  low  work  function  boride  tifiaterials  hold  promise  as  emitter  coatings  for  high  out- 

"  ■  "  '  T,  i 

put  converters  at  temperatures  approximately  400  degrees  lower  than  converters  employ¬ 
ing  tungsten  or  molybdenum. 

7.  Cesium  compatibility  tests  have  shown  the  very  nnarked  sensitivity  of  carbon-rich  carbide 
materials  to  cesium  attack  in  time  periods  l^^s  thgn  500  tours.  Boride  n\fiterials,  on  the 
other  hand,  appear  resistant  to  cesium  attack  under  conditions  which  produced  severe  attack 
and  deterioration  of  the  carbides.  These  reeults  emphasize  the  Importance  of  stoichiometry 
control  in  the  preparation  of  the  carbides  for  successful  applications  in  cccium  vapor-en¬ 
vironments.  The  mechanism  of  cesium  attack  in  carbides  needs  elucidlation. 


6.  Within  the  scope  of  the  first  year  program,  preliminary  information  on  the  grain  growth 
cha'Mcterlstics  of  carbide  and  boride  materials  was  obtained.  In  general,  temperatures 
slightly  in  excess  of  those  contemplate^^^  thermionic  applications  was  required  to  produce 

noticeable  grain  gjrowth  in  short  periods  oi'^time.  Much  more  work  Is  needed  to  determine 

:;■*  ,  ■  ...  .>A 

the  correlation  and  significance  of  grain  growth  phenomenon  on  electron  emission  as  a  func¬ 
tion  of  time  and  grain  orientation  and  on  the  mechanical  properterles  after  prolonged  time 
at  temperatii're. 

Recommendations  u  ., 

'  ~  ..  „!} 

Based  on  the  above  results  obtained  from  .screening  tests  on  bulk  carbides  and  borides,  and 

■  '  .  -4'  Q  -  ■  '  ’ 

considering  the  Infor .nation  available  from  related  programs,  we  have  reached  certain  conclusions  • 
concerning  the  emphasis  for  future  thermionic  materials  work.  -  These  can  be  summarized  as-'-fbl- 
lows:  ■  -  „  .  a- 

The  development  status  of  clad -oxide  materials  systems  is  far  more  advanced  than  for  com¬ 
parable  carbide  systems .  However,  some  of  the  superior  thermophysical  properties  of  car-, 
bides  such  as  higher  thermal  conductivity,  lower  electrical  resistivity  and  lower  emlssivity 
make  their  continued  development  desirable. 

We  recommend  the  followt%  programs  for  continued  thermionic  materials  (development  for  the 
reasons  indicated  below.  ^  ' 

1.,  Clad-Oxlde  Material  Systems 

"  Four  critical  items  of  information  are  needed  to  evaluate  the  application  potential  of  dad- 

oxide  nuclear  thermionic  materials.  These  items  are:  "  ^ 


2'!- 2 
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a.  The  kinetics  and  .tnechanism'of  oxide- metal  diffusion  or  reaction  at  the  fuel-emitter 
interface, 

-M.,  „  ' 

b.  The  effect  and  nature  of  diffused  species  on  the  emitting  surface  of  the  clad  material. 

c.  The  extent  and  effect  of  fission  product  release  into  the  plasma  volume  and  methods  of 
minimizing  fission  gas  pressures  with  minimum  fuel  transport  due  to  the  relatively 
high  vapor  pressure  of  UO^. 

d.  Laboratory  endurance  test  experience  using  operational  diodes  to  evaluate  the  perfor- 
manceTlife'characteristics  of  all  elements  of  the  converter  system. 

Extensive  work  is  needed  and  recommended  to  obtain  definitive  information  in  the  above 


areas. 


» 


2.  Clad- Carbide  Systems 

As  indicated  previously,  the  thermophysical  and  nuclear  properties  of  prnnlum  carbides 
are  siiich  that  significant  advantage^  exist  with  these  materials  compared  with  clad-oxide 
systeri^^  Greater  knowledge  of  stoichiometry  control  in  fabrication  and  clad  tnaterial  com- 
patibilit^is  needed.  Additional.,  work  in 'these  areas,  rather  than  expensive,  empirics;! 


deve5lopmj^t  testing,  is  recommended. 


.13'-^ 


u 


3.  Boride  Materials 

The  results  of  investigations  to  date  have  not  revealed  any  sound  reasons  for  the  dismissal 
of  borides  as  coatings  for  emitter  applications.  Continuing  work  is  needed  to  confirm  or 
deny  the  reported  work  function  properties  of  these  materials  and  to  develop  coating  tech- 
nlques  tp  candidate  substrate  Or  clad  materials.  Continuing  activity  of  this  nature  is  recom¬ 
mended.  <,  ,  .  7 

4.  Metallic  Clad/Emitter  Materials 

The  selection  of  suitable  clad/emitter  materials  to  uSe  in  conjunction  with  nucleas^Juel 
oxide  and  carbide  materials  can  b,e  narrowed  to  a  small  number  of  materials  such  as:  tung¬ 
sten  (electron  beam  melted.  pOwder  metallurgically  prepared,  or  vapor  deposited),  tung¬ 
sten-rhenium  alloys,  and  molybdenum.  A  thorough  study  of  the  high  temperature  properties 
'  of  the  materials  is  recommended. 


2-3/2-4 
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SYMBOL  AfJD  NOMENCLATURE 

*  «  work  functions 

*^120  *  effsctivs  A  using  A  *  120  amp/cm^deg^ 

A  »  emission  constsint 

Jg  =  saturated  thermionic  current  density 
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'  '  ■'  " 
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III.  ELECTRON  EMISSION  MEASUREMENTS  -  J.  H.  Ingold 


A,  Tiitrortuftion 


The  recent  In^pile  thermionic  coiiverslan  experiments  '^^  btthe  Los  Alamos  Scientific  Laboratory 
hav^^  sparked  a  wide  interest  In  the  thermionic  properties  of  refractory  compounds  which  might  be. 
mixed  with  a  flssionabie  material  to  provide  truly  direct  conversion  of  heaf  to  electricity.  A  surve^ 

has  'i^hown  that  the  most  likely  such  compounds  include  the  carbides  and  borides  of  the  transition  and 

(2)  . 

rare-earth  metals.  '  '  With  this  in  mind,  an  experimental  program  aimed  at  measuring  the  thermi¬ 
onic  emission  properties  of  polycrystaliine  bulk  samples  of  aircohium  carbide,  uranium  carbide, 
uranium  dlcarlbde.  uranium-zirconium  carbide,  and  the  hexaborides  of  yttrium  and  europium  was 
Initiated  at  the  General  Electric  Company.  Vallecitos  Atomic  Laboratory.  " 

Most  of  the  thermionic  emission  data  reported  for  polycrystaliine  refractory  metal,^arbide8  have 
been  obtained  from  thin  coatings  onj filamentary, substrates.  For  example,  Goldwater  and  Haddad 
investigated  the  emission  properties  of  zirconium  carbide  in  Ihe  forth  of  a  thin  coating  applied  to  a 
tungsten  wire  by  electropho.^esis.  Wright'  '  studied  the  emission  properties  of  zirconium  carbide 
powder  coated  on  a  tantalum  strip,  and  Matskevich  and  Krachino  used  an  organic  suspension  to 

11  ''  /dV 

bond  zirconium  carbide  power  to  tungsten  and  to  tantalum  substrates.  Finally,  Haas  and  Jensen'  ' 
investigated  the  emission  properties  of  uranium  carbide  powder  coated  on  a  tungsten  wire  with  an 
organic  binder.  Recently,  however,  Pidd,  et  al. ,  reported  the  results  obtained  from  bulk  zir- 
conium  carbide,  uranium  carbide  and  uranium- zirconium  carbide  formed  by  arc- melting  the  appro¬ 
priate  metal  and  graphite  together.  They  measured  an  emission  current  that  was  about  an  order  of 
magnitude  lower  than  that  obtained  from  the  thin  coatings ^entioned  above.  This  difference  may  have 
resulted  from  the  different  measureinent  techniques  used  by  these  investigators,  because  Pidd,  ,etal. , 
used  low  collecting  fields  while  the  others  used  high  collecting  fields.  Since  low  field  measurements 
are  probably  more  relevant  to  thermionic  conversion,  jthis  method  was  chosen  to  obtain  the  data  re¬ 
ported  below. 

Experimental  data  on  the  hexa^q^ides  of  yttrium  and  europium  are  scarce.  To  the  author's  know- 
"ledge,  the  only  measurements  ol  these  impounds  are  described  in  Russian  references,  These 

data,,  as  well  as  the  otjier  data  mentioned  a^ve  are  summarized  in  Reference  (2). 
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B.  Sumtt»ry 


A  dior<«>  with  a  water-cooled,  guard- ringed  collector  was  designed  and  constructed  I'or  the  purpose  of 

'  X 

iiieasuring  the  low  field  thermionic  emission  properties  of  polycrystalline  bulk  samples  of  various  re¬ 
fractory  materials.  To  facilitate  rapid  interchange  of  samples  and  to  reduce  the  cost  per  Sample  of 
the  experiments,  the  diode  was  operated  In  a  dynamic  vacuum  system  composed  of  a  water-cooled 
stainless. steel  belljar  exhausted  by  a  four- inch  oil  diffusion  pump  backed  by.;^  mechanical  roughing 

pump  and  trapped  with  liquid  nitrogen..;  The  system  was  capable  of  maintaining  a  pressure  below 
-S' 

1  X  10  torr  at  test  temperature.  The  experimental  apparatus  was  checked  out  using  a  disc  of  com¬ 
mercial  grade  molybdenum  as  the  emitter.  The  effective  work  function  («  ^20^  obtained  was  4. 31 
volts  over  the  temperature  range  2000  K  to  2350  K;  this  is  In  good  agreement  with  results  obtained  in 
previous  investigations.  Using  the  same  apparatus,  the  thermionic' emission  from  a  vacuum  hot 
pressed  sample  of  zirconium  carbide  (ZrCg  according  to  X-ray  diffraction  analysis)  was  measured 
over  the  temperature  range  1950  K  to  2250  k.  The. effective  wrk  function  obtained  was  4. 04  volts. 
This  result  is  compared  with  results  obtained  by  other  investigators. for  ZrC  samples  prepared  in 
various  ways.  No  thermionic  emission  current  was  observed  for  yttrium  hexaboride  up  to  a  tem¬ 
perature  of  2000  K  because  of  the  buildup  of  a  flaky  deposit  on  the  sample.  Samples  of  europium  hex- 
aboride  and  uranium- zirconium  carbide  did  not  survive  pre- experimental  out^ssing.  ,  ^ 

C.  Experimental  Procedure 

.. "  i) 

1 .  Sample  Preparation  ’  .. 

Zirconium  Carbide  sample  No.  VHP-ZrC-Ta-A-Ol-I  used  In  this  experiment  was  formed  by  ,, 
hot-pressing  zirconium  carbide  powder  onto  a  tantalum^xiisc  at  about  2750  K  for  fifteen  min¬ 
utes  with  7500  psi  applied  pressure.  A  metallurgical  examination  showed'lthc'^mpfe^  to  be 
well  bonded  and  crack-free,  with  a  density  approximately  Spf  pcipceniNpfxtheoretical  density. 


The  lattice  parameter  of  this  sample  was  determined  to  b^4.688S  ^/±  O.QM  Aby  x-ray  dlf- 
fractometry;  this  value  corresponds  to  a  carbon  deficient  |cj-^^)p<^^itio^ described  by  the  for,- 
mula  ZrCg  g^.  Befpre‘incorporatioijL4n  the'-'naeasurement  apparatus,  leie^sSample^^was  out- 
gassed  in  an  induction  heater  to  renl^ve  volatile  impurities.  '-i 

Fur  checkout  purposes,  a  disc  of  coininercial  grade  molybdenum  was  used  with  no  special 
preparation  other  than  ):he  outgassing  operation  in  an  induction  heater. 
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In  addition  to  the  power  supplies  required  to  heat,  the  sample  and  to  collect  the  electrons 
emitted  by  a  sample,  the  experimental  apparatus  consists  of  the  following  items:  (l)  "sa'inple 
supporting  stand,  (2)  heater  filament,  (3)  collector,  (4)  guard  ring  to  minimize  edge  effects. 
(5)  electric  current  measuring  apparatus  (oscilloscope,  etc.),  and  (6)  vaculi’':)  system.  A 
photograph  of  the  supporting  stand,  which  incorporates  the  first  four  of  the  above  items  Is 
shown  in  Figure  1.  The  coils  are  copper  cooling  tubes  and  the  springs  facilitate  the  adjust- 
meiii  of  th,p  electrode  ^pacing.  The  details  of  the  emitter- collector  asseipbly  are  shown  in 
Figure  2.  The  sample  is  supported  on  the  "end  of  a  tantalum  tube,  .and  is  heated  from  be¬ 
hind  by  electron  bombardment  from  a  pancake  spiral  tungsten  filament.  The  collector  con¬ 


sists  of  an  inner  water-cooled  copper  rod  0\2b  inch  in  diameter,  with  a  concentric  water- 
cooled  copper  cj/|inder.  The  concentric  cylinder  is  electrically  insulated  from  the  iniierO^.. 
collector  so  that  it  can  be  used  as  a  guard  ring,  The  collector  is  removable  so  that  evap¬ 
orated  deposits  can  easily  be  analyzed.  Likewise:  the  sample  can  easily  be  removed  after'.' 
an  experiment  so  that  its  weight  loss  can  be  determined.  During  operation,  the  entire  as-  .. 

sembly.  shown  in  Figure  1  is  placed  in  a  stainless  steel  water-cooled  bell  jar  exhausted  with 

-5 

a  four- Inch  oil  diffusion  pump  capable  of  maintaining  a  pressure  below  1  x  10  torr  with 
the  emitter  at  test  temperature. 

3,  Measurements  ^  ' 

From  the  standpoint  of  thermionic  emission,  solid  materials  are  qsually  characterized  by 
two  parameters  called  the  emission  constant  A  and  the  work  function  4 .  These  parameters 
are  related  to  J^,  the  maximum  thermionic  current  density  which  is  spontaneously  emitted 
by  the  material,  by  the  Richardson- Dushman^^®^  equation, 

Jg  =  AT^  exp(-e  */kT),  v-  "  (1) 

where  T  is  the  absdlute  temperature,  e  the  electronic  charge,  and  k  the  Boltzmann  constant. 

"  ’  2  2 

Although  the  theoretical  value  of.  A  is  about  120  amps/cm‘'deg  ,  experinientally  determined 

1  4  2  2 

values  range  from  10”  to  10  amps/cm  deg  .  This  wide  variation  is  not  surprising,  how¬ 
ever,  when  the  possibility  of  a  temperature  dependent  work  function  is  considered.  For 

example,  If  the  work  function  is  a  linear  function  of  temperature,  i,  e. , 

„  - 

a  T)ji/  (2) 

then  Eq.  (1)  can  be  rewritten  as 


O'  ■■ 


o  * 


t 

F'-  I  f 


Jg  =  A*T^  exp(-e«j^AT),  .  (3) 

"o 

wher/<3  A*  is  defined  by  the  equation,  „ 

A*  a  A  exp(-eOT>  cA)*  (4)^‘ 

Hence,  large  positive  and  negative  a's  could  account  for  anomalous  values  .of  the  emission 
constant  reported  for  different  materials. 

j'  •■■■  “  "  ■■  V 

The  various  methods  of  determining  the  thermionic  emission  parameters  of  materials  have 
been  discussed  thoroughly  by  Nottingham  and  Hensley.  (1?) 

In  particular,  Hensley  con- 

.  eludes  that  "For  many  purposes  a  satisfactory  procedure  Is  simply  to  take  the  emission  data 

•3,. 

at  a  constant  electric  field  of  Just  sufficient  value  to  ensure  negligible  space- charge  effect." 

"  il  ■  '  "" 

The  "data, "  of  course^  consist  of  the  variation  of  Jg  with  temperature,  and  are  customarily 
displayed  in  the  form  of  a  Richardson  plot  oj(,ln  Jg/T^  vs  1/^.  According  to  Eq  (3),  such  h 
plot  should  give  a  straight  line  of  slope  (-e«i|^/k)  and  Intercept  In  A*.''  However,  Hensley 
contends  that  an  effective  work  function  plot  is  more  us^ul,.  and  this  author  ipeds. 

A  refinement  of  the  simple  method  proposed  by  Hensley  for  determining  the  emission  pro? 
pertles  of  materials  has  been  selected  for^the  present  investigations.  This  refinement  con- 
a lists  of  applying  a  00- cycle  sweep  vdltage  to  the  collector  and  displaying  the  resulting  cur¬ 
rent-voltage  characteristic  on  an  oscilloscope.  A  typical  test  circuit  is  shown  In  Figure  3; 
subscripts  g  and  c  refer  to  guard- ring  and  collector,  respectively,  and  Rj^  denotes  load  re¬ 
sistance.  In  this  way,  the  uncertainty  of  the  effect  of  spach-charge  on  the  measurement  of 
is  eliminated,  because  the  saturation  emlsslon'icurrent  Is  evident  from  oscilloscope  trace. 

A  calibrated  optical  pyrometer  was  used  to  measure  the  emitter  temperature.  An  estimate 
of  the  relative  spectral  emisslvity  at  O.OSp  for  the  zirconium  carbide  sample  was  obtained 
by  comparing  the  brightness  temperature  of  a  black  body  hole  approximately  0.010  inch  di¬ 
ameter  by  0.060  inch  deep  with  the  brightness  temperature  of  the  sample  surface  near  the 
hole.  .  This  method  gave  an  emisslvity  which  varied  from  0. 60  to  0. 70  over  the  tempera¬ 
ture  range  1950  K  to  2250  K... 

Results  and  Discussion 

A  disc  cut  from  commercial  grade  molybdenum  bar  stock  purchased  from  Fansteel  Metal¬ 
lurgical  Company  was  used  to  check  out  the  apparatus.  A  typical  current- voltage  character¬ 
istic  obtained  f6r  the  Mo  sample  is  shown  in  Figure  4a.  Since  the  saturation  current 


* 


n 
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continued  to  rise  beyond  the  retarding  voltag,i°,  range,  it  was  arbitrarily  decided  to  teike 
to  be  ^he  "current  density  obtained  at  an  accelerating  vultage  of  50  volts,  which  corresponded 
to  an  applied  electric  field  of  5000  v/cm.  The  results  obtained  for  this  sample,  which  are 

presented  in  the  forin  of  a  modified  effective  work  function  plot  shown  in  Figure  5,  gave  an 

■■  '■ 

effective  work  function  of  4. 31  volts  over  the  temperature  range  2000  K  to  2350  K.  This  work 
function  is  in  good  agrecjnient  with  the  values  A*  =  115  amp/ cm  deg  and  c  4, 37  volts  ob¬ 
tained  by  Wright  fpr  commercial  grade  molybdenum  wire. 

Similarly,  a  current-voltage  characte;riBtic  typical  of  those  obtained  for  the  zirconium  car¬ 
bide  sample  is  shown  in  Figure  4b,  and  the  temperature  variation  of  the  emission  current  . 
density  measured  at  an  applied  electric  field  of  5000  v/cm  is  shown  in  Figure  5.  The  effec¬ 
tive  work  function  obtained  from  this  curve  is  4.04  volts. li  For  comparison,  the  effective 

II  k' 

work  functions  obtained  by  previous  investigators  are  listed  In  Table  I. 


TABLE  1 

Effective  Work  Functionof  ZrC  at  2000  K 

'■  —  - - - —  ■  ■  ^  ■  -t-i— . 


^Iteferehce 

2 

J  (amp/cm  ) 
s 

*120 

Form  of  Simple 

4.000 

3/.,20  (pulsed)  \ 

Thin  coating  on  W 

4 

1.000 

3.44  (DC) 

Powder  coating  on  Ta 

5.000 

3.16  (pulsed) 

'  „5 

0.064 

3.92  (pulsed) 

Powder  coating  on  W 

"  1 0.480 

3.57  (pulsed) 

Powder  coating  on  Ta 

7  '  '  ■ 

■'•a.j'So 

3.79  (DC) 

Bulk  (arc-m^ied  on  Ta) 

Present  Result 

0.030 

It 

4.04  (DC) 

Bulk  (hot-pressed  on  Ta 

Unfortunately,  none  of  the  previous  investigator^^, 'discuss  the  probable  6dtnpositions  of  their 
samples,  so  a  correlation  between  emis|ion  properties  and  stoichiometry  is  ndt  feasible  at  „ 
the  present  time. 


In  addition  to  zirconium  carbide,  samples  of  yttrium  hexaboride,  europium  hexaboride,  and 
uranium- zirconium  carbide  were  fabricated  for  emis^jon  measurement's.  The  latter  two 
samples  did  not  survive  the  p^e- experimental  outgassing  operation.  Prior  to  heating  the 

•'  ■« 


3-5 


// 


GEST-2009 


urinlutn- zirconium  uarblde  sample  a  tew  hairline  cracks  wer^  visible  on  the  emitting:  sur- 
face,  b^t  It  appeared  to  be  suitable  lor  measurement  purposes.  However,  duiing  the  qutgas- 
sin^; operation,  the  cracks  opened  up  considerably  and  the  emitting  surface  became  noticeably 
convex;  this  rendered  the  sample  unsuitable  for.,  measurement  purposes.  The  europium  hex- 
.  locrlde  saia.tle  was  outgassed  in  at;  alumina  crucible  above  1900  K.  The  sample  was  mounted 
in  a  '■emovablt  tantalum  sleeve  which  is  part  61  the  emission  apparatus.  At  the  conclusion  of 
this  operation,  reaction  products  which  rendered'the  sample  unsuitable  for  measurement 
purposes  were  observed  or.  th^'  tantalum  ring  and  the  sample.  Two  attempts  to  measure  the 
eitilssion  from  the  yttrium  heaaborlde  saihple  were  unsuccessful  because  of  the  buildup  of  a 
flakj^'  deposit  on  the  sample  during  the  test  rmis.  A  simila’r  deposit  was  observed  durlng^the 
material  property  measurements  on  this  material  whlch.;|re  discussed  elsewhere  In  this  re^ 
port.  This  deposit  may  have  been  due  to  the  vacuum  conditions  of  the  equlpme;lt. 


In  conclusion,  it  i8"4t^ngly  recommended  that  future  measurements  of  this  kind  be  done!in 
.  ■  ■  "  ■■  .  ■' 

,  a  sealed'Off  system  (or  one  continuously  ex^usted  by  an  ion  pump)  at  a  pressure  as  low  as 

possible  in  order  to  obtain  clean  surfaces.for  measurement  purposes.  , 
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SECTION  IV  .  THERMOPHYSICAL  PROPERTY  MEASUREMENTS  -  L,  N.  Grossman 


,,  SYMBOL  AND  NOMENCl^TUR,E 

Tj^  =  central  temperature 

=  central  position  of  specimen 
w  r  cross  sectional  area  of  specimen 

I  =  current 

p  -  electrical  resistivity 

p  =  perimeter  of  specimen 

=  total  hemispherical  emission 
=  ' Stefan' s  constant 
K  =  thermal  conductivity 
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IV.  THERMOPHYSICAL  PROPERTY  MEASUREMENTS  -  L.  N.^Grossman  i 
A.  Summary 

'■  y'-' 

Four  thermophysical  properties  (thermal  conductivity,  electrical  resistivity,  total  hemispherical 
thermal  emission,  anc(, normal  spectral  thermal  emission  at  0.65^)  may  be  measured  simultaneously 
on  an  apparatus  designed  and  built  partially  under  this  program.  The  apparatus  Is  useful  in  the  tem¬ 
perature  range  from  the  onset  of  measurable  thermal  emission  (about  1000  K)  to  an  upper  limit  set 
by  sublimation  or  d^bi^posltlon  of  the  specimen.  The  apparatus  has  been  used  to  specimen  temper¬ 
atures  of  over  2500  K  in  the  present  investigation. 

Table  I  summarizes  all  thermophysical  property  experiments  underJahen  fur  this  program,  together 
with  the  degree  of  success  realized;  Table  II  presents  the  values  obtained  for  the  various  properties 
and  the  temperature  range  over  which  the  values  are  valid.  The  error  limits  reported  in  Table  n  are 
ve'l^’ihigh  confidence  limits  (95  per  dent),  valid  over  the  temperature  range  reported.  Electrical  re- 

^  O 

slstivity  and  thermal  conductivity  values  are  given  for  fully  dense  material.  Some  data  outside  of  the 
temperature  ranges  indicated  appear  in  the  text,  as  well  as  some  data  for  ThC  and  YB0. 

'  ”  t'f  « 

Figure  S-1  summarizes  the  thermal  conductivity  results  obtained  during  this  study,  while  Figure  S-2 
presepts  the  el'^K^pical  resistivity  results  obtained.  Figure  S-3  exhibits  total. hemispherical  emer¬ 
sion  data  obtained  during  the  thermal  conductivity  measurements.  " 


B.  Conclusions  -  Therniophyslcal  Properties  -  - 

Thermal  conductivity,  electrical  resistivity  and  total  thermal  emission  are  now  known  for  UC,  Uq  g" 
ZrQ  gC,.  ZrC  and  yC2  at  temperatures  of  interest  to  nuclear  thermionic  and  other  high  temperature 
nuclear  systems.  These- materials  are  decidedly  metallic  with  respect  to  those  properties.  ...The 
Wiedemann- Franz  law  may  be  used  for  these  materials  above  1000  K  to  detertpine  thermal  conductivity 
ii^lthln  10  per  cent.  The  electrical  resistivity  of  ThCg  has  also  been  determined;  a  phase  change  may 
occur  near  1550  K  for  this  material. 

There  is  a  small  but  significant  difference  between  the  thermal  conductivity  of  values  measured  for 
ZrC  and  those  predicted  by  the  Wiedemann- Franz  law.  The  measured  magnitude  and  slope  are 
greater  .than  predicted  by  the  theory;  also  the  1-/T  law  for  lattice  conductivity  is  not  obeyed.  This 
observation  has  been  previously  noted  by  another  investigator  for  ZrC  and  for  TIC. 
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TABLE  1 


High  Temperature  Property  Measurement  Summary 


Material 

Thermal 

Conductivity 

Total 

Thermal  „ 
Emission 

Spectral 

Thermal 

Emission 

(0.65m) 

Electrical 

Conductivity 

w  . 

ZrC 

A 

A 

A 

A 

UC 

A 

A 

A 

A 

UCj 

A 

A 

„  A  ■■ 

A 

*^0.5**'0.5^ 

B* 

H 

"b 

A” 

A 

YBfl 

B 

B 

A 

B 

®“Be 

'  c 

C 

C 

c 

The 

B 

B 

A 

B 

The/ 

’  B 

"B 

A 

A 

'' 

/ 

Code:  ^ 

Measurement  completed  during  contract  year. 

>  '  . 

Measurement  attempted, 

but  not  successful. 

C_ 

Not  attempted. 

*  A  good  oBtiRUted  value  has  been  obtained. 
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Normal  spectral  thermal  emission  h^s  bden  measured  at  0.65(j  for  UC,  ZrC,  Uq  gC,  ThC, 

ThC2,  YBg  and  UC^-  The  often  reixirted  values  of  0,  7  0.  95  for  thin  type  of  material  appear  elkarai;'- 

terlstir  of  reacted  sui'faces,  i.e.  oxidized,  nitrided,  or  borated  surfaces.  The  cleaned  and  polished 
’metallic  surfaces  always  emit  less  than  0.65  of  black-lx)dy  spectral  emission  over  the  temperature 
range  investigated.  For  those  materials  forming  stalde  reaction  products  with  O2  or  N2.  a  vacuum 
'of  about  10’  torr  is  required  to  keep  the  surface  clean  with  respect  to  spectral  emission  (at  0.65(i) 
for  a  time  of  about  10  minutes. 

Considerable  difticulty  was  found  in  maintaining  nnechanically  stable  (U,  Zr)  C  alloys  under  thermal" 
gradients.  The  pure  carbide,  UC,  is  definitely  superior  to  the  alloyed  nuterial  with  respect  to  i) 
higher  thermal  conductivity.  11)  lower  electrical  resistivity,  ill)  lower  total  thermal  emission,  and 
iv)  greater  thermal  stress  resistance.  It  appears  advisable  to  re-appraise  pure  UC  as  a  fuel  in 
nuclear  thermionic  reactors,  especially  since  its  compatibility  with  tungsten  has  been  reported  for 
certain  conditions.  „ 'n':. 

Zirconium  carbide  has  a  solubility  for  carljon  of  at  least  0. 165  w/o  above  about  2300  C.  The  thermal  „ 

V5.'.  JS  '  • 

conductivity  of.  ZrC  may  be  sensitive  to  the  carbon  content.  However,  electrical  resistivity  is  not 
sensitive  to  carbon  content  between  11.0  to  11.8  w/o  carbon  over  the  temperature  range  studied. 

C.  Recommendations  „ 

The  decidedly  metallic  behavior  of  UC  and  UC-ZrC  alloys  suggests  that  lower  temperature  gradients 
will  exist  across/ these  fuel  elements  than  corresponding  oxide  elements.  In  the  clad  fuel  concept, 
this  lowering  of  the  maximum  fuel  temperature  will  have  definite  bearing  on  the  successful  venting 

ol  fission  gases.  It  is  recommended  that  vented  carbide-fueled  clad  cathodes  be  considered  for  long- 

li  '  «  '■  ■■  ‘  ■ 

lived  nuclear  thermionic  fuel  elements . 

'  II  "  . 

..  ■  " 

In  the  unclad, fuel- emitter  concept,  it  Is  recommended  that  unalloyed  UC  be  re-evaluated  in  light  of 
Its  superiorfjiermophysical  properties.  It  is  recognized  that  tlve  vapor  pressure  of  UC'ls  greater 
than  any  of  the  (U,  Zr)C  alloys;  however,  the  thermal  shock  resistance  of  pure  UC  may  he  essential 
in  a  reactor  which  is  to  be  cycled.  Recent  advances  in  UC  fabrication  and  .stoichiometry  control  have 
caused  the  availability  of  UC  specimens  superior  to  those  on  which  early  decisions  were  .based. 

The  high  temperature  properties  of  ThC,  ThCg.  YBg  and  EuBg  are  still  not  all  known.  It  is  recom¬ 
mended  that  a  renewed  effort  be  initiated  to  complete  these  property  nSeasurements,  Existing  equip¬ 
ment  and  techniques  in  this  laboratory  will  allow  these  data  to  be  readily  obtained. 
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D.  High  Temperature  Thermdbhyslcal  Pilbpertles  of  Uranium  Monocarbide 


Uranium  monocarbide  is  being  considered  for  use  as  a  fuel  for  nuclear  power  reactors  and  for  the 
transformation  of  nuclear  into  electric  energy  by  thermionic,  conversion.  This  interest  in  UC  exists 
because  of  the  material's  high  melting  point,  high  uranium  density;-  good  thermal  conductivity,  and 
high  thermionic  electron  emission.  The  present  study  reports  high  temperature  values  for  some 
properties  of  considerable  value  In  the  design  of  nuclear  systems. 

M^suremcnts  of  thermal  and  electrical  conductivity  have  been  previously  reported  at  tem¬ 

peratures  up  to  about  1300  K,  while  no  values  for  the  thermal  emission  have  been  found  In  the  lltera- 


1.  Experimental 

a.  Specimen  a  ,, 

The  UC  measured  in  this  investigation  was  an  arc-cast  rod  9  cm  long  and  0.900  cm  in. 
diameter  supplied  through  the  courtesy  of  Bhttelle  Memorial  Institute.  It  was  100  per 
cent  dense  wiHh  a  composition  of  94. 7  w/o  uranium  and  5.3  w/o  total  carbon,  (deter¬ 
mined  after  the  completed  measurements),  the  oxygen  content  was  < 200  ppm.  Metal- 
lographic  examination  after  the  property  measurements  exhibited  a^^llght  second  phase 
which  is  either  UC2  or  II2C2. 

■'  w 

Specimen  preparation  Included  squaring  of  the  rod  ends  and  grinding  to  make  it  a  right 
circular  cylinder.  Subsequent  polishing  through  600  mesh  silicon  carbide  paper  and 
finally  6  micron  diamond  produced  a  shiny  metallic  surface.  All  polishing  was  done  in 
a  calcium-gettered-argon  glove  box  In  the  presence  of  P2O5  powder  to  assure  dry  and 
oxygen-free  conditions. 

The  measurement  technique  (described  below)  requires  good  thermal  and  electric^  con 
tact  at  the  specimen  ends.  To  achieve  this,  the  ends  of  the  rod  were  nickel  electro¬ 
plated  and  brazed  in  vacuum  to  copper  end  pieces. 

■■ 

A  four- probe  electrical  continuity  check  at  room  temperature  showed  the  braze  to  be  pf 

i>  - 

lower  electrical  resistance  than„an  equivalent  length  of  UC.  The^/braze  appearance  was 
excellent.  The"rod  was  repolished  in  the  glove  box  subsequent  to  brazing. 
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Thermophyslcal^PropertiPH  Apparatus^:  7  ^ 

The  apparatus  used  for  this  investfj^tlon  is  described  In  detail  elsewhere.  Figure  1 
illustrates  the  main  features  of  the  apparatus.,  The  rod  specimen  is  attached  to  water- 
cooled  electrodes  ud  heated  'th  400  cycle,  "single-phase  current  in  a  vacuum  (or  inert- 
gas)  chamber.  The  specimeil  is  free  to  radiate  in  all  directions  inside  its  enclosure; 
its  environment  is  essentially  a  cold  black-body. 

Measurement  of  Resistivity 

Resisitlvity  was  measured  by  symmetrically  contacting  the  specimen  with  two  spring- 
loaded  tungsten  voltage  probes  placed  0.63  cm  apart  about  the  specimen  center.  The 
probes  l^d  to  a  calibrated  Tetronix  503  Oscilloscope.  Current  was  measured  by  a 
Weston  327  current  transformer  coupled  with  a  Weston  433  A-C  ammeter.  The  over¬ 
all  probable  error  of  resistance  measurement  was  about  2  per  cent. 

Measurement  of  Temperature  and  Spectral  Emlsslpn  " 

Brightness  temperature  profiles  of  the  specimen  were  taken  with  a  Micro-Optical  pyro.- 
meter  mounted  on  a  tripod.  The  prafiles  were  used  in  the  measurement  of  electrical 
and  thermal  conductivity,  „as  described  below.  The  distance  along  the  rod  was  mea¬ 
sured  by  a  dial  gauge  attached  to  the  tripod.  Brightness  temperature  was  converted  to 
true  temperature  by  a  determination  of  the  normal  spectral  emission  of  the  surface.  "A 
2  cm  central  portion  of  the  rod  specimen  was  cut  out  following  the  property  determlna- 

tlons  and  a  0. 02  inch  diameter  by  0. 10  inch  deep  hole  was  drilled  into  It  with  a  diamond 

<? 

drill.  This  rod  was  subsequently  heated  in  vacuo  with  an  induction  coll  and  susceptor. 
/The  rod  segment  was  allowed  to  radiate  freely  from  the  surface  under  observation. 
Temperature  measurements  were  then  taken  of  the  black-body  hole  and  of  the  surfaces 
adjacent  to  the  hole.  The  hole  and  surface  temperatures  were  converted  to  emission 

"  ■■  (51”  -  ■■  a  "  - 

values  utilizing  a  published  tabulation.  '  A  subsequent  redetermination  of  spectral  „ 
emission  \i^h^n  apparently  identical  sample  was  made  in  the  properties  apparatus  e- 
under  a.v^sUiim^  5  '><■  10"'^  ,torr.  The  results  of  the  two  determinations  were  essentially 
identical  for  temperatures  above  1600  K. 

..  1:  ■  "  ... 

"•  •/ 

Uranium..carblde,  when  exposed  to  air,  forms  a  tenacious  surface  skin  of^v^hat  may  be 
an  oxycarbide.  The  thermal  "emission  of  the  carbide  with  this  surface  layer  is  dif- 
fejient  than  that  of  the  cleaned  carbide.  It  <yas  found  during  the  property  determinations 
that  this  layer  leaves  the  surface  rapidly  at  temperatures  above  about  1800  K  in  a 
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vacuum  of  about  ip~  torr.  'I'he  exposed  carbide  surface  retains  its  polish  and  gives 
reproducible  emission  values.  If  the  temperature  of  the  carbide  is  lowered  to  any  tem- 

'■■■  ■■  •'  i>  __ 

perature  below  about  1700  K  in  a  vacuum  of  5  x  10  torr  total  pressure,  the  spectral 
emission  begins  to  rise  slowly  after  about  10  minutes  has  elapsed.  The  spectral  emis¬ 
sion  continues  to  rise  until  about  20-30  minutes  has  elapsed,  when  it  .reaches  a  constant 
value.  ’ 


Measurement  of  Thermal  Conductivity  and  Total  Emission 

Temperature  profiles  obtained  from  the  specimen  were  fitted  (using  a  computer)  to  the 
analytical  repression 


T  -  TL\y  B(x-x 


(1) 


where  is  the 'central  temperature,  is  the  central  pooition,  and  B  is  quadratic 
characteristic.  Each  profile  then  yielded  a  linear  equation  in  which  and  k  are  the 


,(4) 


only  unknowns: 

2  kwB  =  -  P^t 

where  k  is  thermal  conductivity, 

w  is  the  cross-sectional  area  of  the  specimen 
B  Is  the  profile  characteristic  (defined  above) 
I  Is  the  current  through  the  rod 
.  p  Is  the  resistivity  at  temperature  T^ 
p  is  the  perimeter  of  the  rod 

Is  the  total  hemispherical  emission 


(2) 


(7  is  Stefan's  constant  (6.67  x  10' 


1-12 


watt 


cm^deg' 


and 


T^  is  the  central  temperature  of  the  rod. 


Each  profile  determbmion  gave  a  linear  equation  in  k  and  (equation  2)  whl,^  is  valid 
near  Tj^.  Simultaneous  solution  of  pairs  of  these  equations  was  performed  graphically 
as  described  below.  u 


For  temperatures  below  about  1800  K,  the  measurements  were  made  with  the  specimen 
in  a  vacuum  of  about  10"®  torr..  AboVe  1800  K  a  cover  gas  of  gettered  argon  at  100  torr 
was  introduced  to  suppress  vapor  loss  of  the  specimen.  'The  cover  gas  introduced  hegli. 
gible  errors  in  the  property  determinations  .because  its  thermal  conduction  is  very  low 

'  ...  -  "  4-7 
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compared  to  radiative  transport  above  1800  K,  and  because  It  does  ilot  noticeably  affect 
the  pyrometry . 

2.  Results  and  Discussion"' 
a.  Resistivity " 

Figure  2  shows  „the  measured  electrical  resistivity  of  uranium  monocarbide  )^,etween  l^QO 

'  Iji 

and  2050  K.  Temperature  is  accurate  to  aboi^  i  20  K  for  all  points  as  discussed  below!- 
The  measured  points  have  been  corrected  for  the  thermal  expansionpf  ^C,  assuming 
an  expansion  coefficient  of  10~^  per  ‘C  ai  all  temperatures.  Linear  extrapolation  of  the 

curve  down  to  room  temperature  gives  fair  agreement  with  published  room  temperature 

(0\ 

resistivity  values. '  '  This  indicates  that  a  straight  line  temperature  dependence  of  re¬ 
sistivity  is  not  strictly  valid  from  300  to  1200  K;  while  it  Is  probably  valid  at  the  higher 
temperatures  (Figure  3).  The  analytic  form  of  the  linear  region  is 

p=  20. 4  ^  10'®  +  114. 8T  X  10‘®  ohm^cm.  for  1200  .  T  C  2050  K. 


The  probable  error  of  any  point  on  the  line  is  t  ;j.  7  x  JO 


-6 


The  resistivity  values  reported  by  Accary  and  Caillat  are  considerably  lower  than 
those  oliserved  in  the  present  invcsti^tion.  The  work  of  Rough  and  Chubb  has  shown 
room  temperature  resistivity  to  decrease  with  decreasing’carbOn  content,  Similarity, 
the  work  of  Meerson  and  Kotelnikov  has  shown  room  temperature  electrical  resis¬ 
tivity  to  decrease  with  increasing  uranium  content  and  thermal  jotiductlvlty  to  increase 

■  ■■ 

with  increasing  uranium  content.  Therefore,  it  appears  that  the  material  studied  by 
(3) 

Accary  a,nd  Calllat,  was  uranium  rich, 
b.  Spectral  Emission  and  Temperature  Measurements 

Figure  4  presents  the  measured  spectral  emission  valyes  at  0.65  microns  for  uranium 
monocarbiide.  The  upper  curve  represents  the  emissil'i  of  the  carbide  with  reacted 
surface.  Other  results  with  reacted  surfaces  indicate  that  the  upper  curve  is  not  repro¬ 
ducible;  the  emission  depends  on  the  amount  of  reaction  and  on  subsequent  heat  treat¬ 
ments.  The  lower  curve  iu  believed  to  he  the  true  spectral  emlsslvity  of  uranium  mono- 
carbide.  However,  since  various  polishing  techniques  were  not  tried,  the  lower  curve 
is  reported  as  an  emission  curve.  The  maximum  observed  emission  value  on  the  lower 
curve  was  0.  57.  while  the  minimum  was  0.46.  The  straight  line  through  the  measured 
points  may  be.  expressed  analytically  as 
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£0  05  =  0.539  T  0.02T  X  10"^  for  1150  <T  <  1890  K, 

where  the  probable  error  of  any  point  of  the  curve  is  i  0.0^.  The  reported  slope  is 
•  '  ''' 
small  compared  to  the  error  in  the  measurements  and  Is  therefore  of  no  Interpretational 

Significance.  "  "  "  „ 


_7 

The  observed  slow  rise  of  spectralemissivityafteraboutl0minutesat5.0  x  10  torr  is 

o  ••  .  ■  .  •  “ 

probably  due  to  the  build-up  of  a  reaction  product  on  the  UC  surface.  The  reaction  pro- 
duct  could  be  UN,  or  a  U((7.,N',0)  solid  solution;  identification  of  the  pruUucl  lias  nut 
been  attempted.  If  one  alaumes  that  the  product  is  forihedfrom  nitfogen  (or  oxygen),, 
and  that  the  "sticking  coefficient"  (reaction  probability)  of  each  nitrogen  atom  striking 
the  UC  surface  is  one,  then  kinetic  theory  can  be  used  to  calculate  the  reaction  layer 
thickness.  By  this  method  the  thickness  of  the  reaction  layer  when  a  change  in  spectral 
emission  is  first  noticed,  is  calculated  to  be  befWdeti  100  and  1000  atomic  layers. 

The  above  equation  for  spectral  emission  (eq  gg)  wa^  used  in  converting  surface  tem¬ 
perature  measurements  to  true  temperature.  The  probable  error  in  emission  corres¬ 
ponds  to  a  probable  temperature  error  of  2°  at  an  observed  temperature  of  1000  K,  and 
8°  at  an  observed  temperature  of  2000  K.  The  pyrometer  was  calibrated  against  a  cer¬ 
tified  NBS  tungsten  strip  lamp  and  was  found  to  be  reproducible  to  within  10°  over  the 
temperature  range  herein  reported.  An  additional  12°  was  added  to  the  observed  values 
to  correct  for  the  absorption  of  the  1/2  inch  thick  silica  window.  Reported  true  temper¬ 
ature  values  should  therefore  be  accurate  to  within  20°. 

Total  Hemispherical  Emission 

„  Figure  S  presents  the  results  of  simultaneous  solutions  for  of  the  experimental  pro¬ 
file  equations  (equation  2) .  The  total  emission  values  are  plotted  for  the  average  of  the 
two  T^'s  corresponding  to  the  two  profile  equations  from  which  they  were  sojlyed.  The 
two  high  values  wqle  obtained  from  the  simultaneous  solution  of  .pairs  of  three  profile 
equ^t(bns  obtained  from  the  specimen  when  it  had  ^  reacted  surface.  Although  the  re- 
a^^4d  surfaces  are  not  reproducible,  the  points  are  of  use  in  computing  thernoal  conduc¬ 
tivity  at  the  lower  temperatures.  The  data  points  shown  in  Figure  5  are  best  fitted  by 

t'  // 

the  straight  line,  6^  =  0.42,  where  the  probable  error  of  any  point  of,|he  line  is  0.02. 
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d.  Thermal  Conductivity 

Figure  6  exhibits  the  experimental  results  of  this  investigation.  The  points  were  ob¬ 
tained  by  solving  the  experimentally  dolermined  linear  equatioris  (equation  2)  in  k  and 
and  for  »  ,  using  values  from  Flgqrc  5  (c^  =  0.42).  The  K^values  at  12f)0  K  and  1315 
K  were  determined  on  the  speeimsn  with  a  reacted  surface,  while  the  others  were  deter¬ 
mined  on  the  cleaned  specimen.  The  machined-calculated  probable  error  is  shown  for 

the  points:  it  is  made  up  of  the  known  probable  error  in  B,  p.  and  I,  and  estimated 
>■  -■  "  II 

probable  error  in  Tj_^.  The  error  is  primarily  due  to  the  difficulty  in  maintaining  a 

clean,  reproducible  surface  on  the  carbide. 


■O 


4. 


The  I'esults  of  the  present  Investigation  together  with  some  data  obtained  by  other  In- 

(2) 

vestigators,  are  presented  in  Figure  7,  The  data  by  Dayton  and  Tipton  '  '  were  ob- 

/7\ 

tained  on  UC  containing  5.3  w.'o  carbon,  while  that  of  Brown  and  Stobo '  '  was  obtained 
on  5.2  w/o  carbon  material.  The  electronic  contribution  to  thermal  conductivity  was 
computed  from  the  Wiedemann-Franz  law  using  resistivity  values  from  Figpre  S-i' 

Conclusions  „  ty 

Uranium  carbide  exhibits  typical  metallic  behavior  in  its  thermophysical  properties.  That 
is,  the  temperature  coefficients  of  svP.  ej.  and  Cg  gg  are  of  the  same  orders  the  refrac- 
(I  tory  metals.  In  addition,  the  absolute  values  of  these  properties  are  typical^ metallic. 

The  thermal  conductivity  of  UC  with  about  4  to  6  w/o  carbon  should  ndt'differ  appreciably  " 
from  that  reported  here  for  5. 3  w/o  carbon  i^lnce  their  electrical  and  thermal  properties 


are  quire  similar  dn  the  temperature  range  between  room  temperature  and  1000  K. 


(1,  2) 


Linear  extrapolation  of  the  data  herein  reported  is  very  likely  valid  to  temperatures  i{|^r 
the  mtilting  point  of  UC  (~2700  K). 
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E.  High  Temperature  Thermophysical  Properties  of  ZrC  'S 

Determination  of  the  following  properties  have  been  made  on  two  ZrC  specimens: 

a.  Thermal  conductivity  vs  temperature. 

b.  Spectral  thermal  emission  ^  temperature. 

c.  Spectral  thermal  emission  vs  time  In  vacuum. " 

d.  Electrical  resistivity  ^  temperature.' 

e.  Total  thermal  emission  vs  temperature. 


The  methods  utilized  in  this  investigs^jtlon  have  been, described  previously. 
1.  Experimental  ■.  ’ 


a.  Specimen  Descriptions 

The  spe^mens  were  rods.  0.60T  cm  in  diameter  and  about  4  cm  )ong.  They  were  hOt- 
pressed  in  graphite  dies  from  -325  mesh  high  purity  powder  (Wah  Chang  Company)  of 
11.3  w/o  carbon.  Metallic  Imiiurlti^  totaled  less  than  1000  ppm;  the  major  impurity  » 
of  the  as- received  powder  was  oxygen  at  2600  ppm.  The  hot-pressing  was  accomplished 
in  twp  steps:  first  a  iHod  about  1-1/2  cm  long  was  pressed,  then  another  1-1/4  cm  was 
added  to  either  end.  The  pressings  were  accomplished  at  about  2300  C  and  6000  psi 
for  one  hour.  No  discontinuous  grain  growth  was  observed  although  some  uniform 
growth  occurred.  The  resulting  specimens  were  90  per  cent  of  theoretical 'density.  ‘  " 
After  fabrication  and  property  measurements,  the  total  carbon  content  was  chemically 
analyzed  to  be  11.7  and  11.8  w/o  for  the  two  specimens,  while  the  oxygen  content  was 
belOw  20  ppm. 

Since  the  carbon  content  for  stoichiometric  ZrC  is  11.635  w/o,  it  appears  that  a  solu¬ 
bility  of"at  least  0. 16S  w/o  carbon  exists  at:  2300  C.  X-ray  diffraction  of  the  specimens 
after  the  property  measurements  showed  a  lattice  parameter  6f  a^  s  4. 698  ±  0. 002 
angstrom  units.  This  corresponds  to  exactly  stoichiometric  carbide.  Chemical 
analysis  of  the  test  specimens  showed  the  11.8  w/o  carbon  sample  to  have  about  0.3 
w/o  free  carbon  present,  while  the  11.7  w/o  carbon  sample  had  0.18  w/o  free  carbon 
present  after  the  property  measurements.  The  free  carbon  content  confirms  carbon 
solubility  of  at  least  0. 165  w/o  in  ZrC  at  about  2300  C. 
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Temperature  Measurement  and  Surface  Condition 


Temperature  was  measured  with  a  micro-optical  pyrometer  o^|erating  at  a  wavelength 


V 

of  0.65)i .  -■  Observed  brightness  temperature  oi  the  ^jarbide  was  convert^'to  true  tem¬ 
perature  utilizing  spectral  thernna>]  emission  da^  obtained  during  the  properties  mea¬ 
surements.  A  black- body  hole,  0.  020  inch  in  diameter  by  about  0. 10  inch  deep  was 
drilled  into'^he  central  portion  of  the  ZrC  rods.  Spectral  emission  at.0.65p  was  deter¬ 
mined  by  comparing  the  hole  temperature  with  adjacent  silrface  temperatures.  A  pub- 

(21  "  ^  '  “ 

llshed  tabulation '  '  yielded  the  emission  value  from  these  two  temperatures. 


'  The  possibility  of  temperature  error  due  to  radial  temperature  gradients  in  the  rod  has 

<31 

been  evaluated.  The  radial  temperature  profile  has  been  calculated  "elsewhere.  '  ' 

The  maximum  radial  temperature  difference  in  the  specimen  rod  under  the  present  ex- 

«ii  o  ’o  ■'  ■  .  '  •  . . . . ; . . "  - 

^perlmental  conditions  Is  45°  |at  2400  K),  while  the  minimum  is  3°  (at  1100  K).  The 

radial  gradient  Introduces  a  small  error  at  the  hlgt||est  temperatures  which  has  not  been 
taken  into  account  in  the  following: 


The  measured  {spectral  emission  from  ZrC  at  O.GSp  is  shown  in  Figure  8.  Each  mea¬ 
surement  below'2200  K  was  immediately  preceded  by  flashing  of  the  specimens  to  at 
least  2400  K.  This  was  fovmd.  to  be  necessary  to  avoid  build-up  of 'a  reaction  product 
layer  on  the  surface  of  the  ZrC  as  is  discussed  below.  The  spec inien  had  been  pre¬ 
viously  polished  through  600  grit  6ilicon''carbide  paper  and  was  very  metallic  appearing. 
Upon  insertion  in  the  apparatus,  the  specimen  was  heated  to  2400  K  for  one  hour  before 

O' 

any  measurements  were  taken. 

"  •  IJ  *'  ' 

'■  „  ,,  ■  "  n 

The  rate  of  build-up  of  reaction  product  on  ZrC  in  a  dynamic  vacuum  of  5  x  10  torr 
can  be  qualitatively  seen  in  Figure  9.  To  obtain  this  specimen  was  flashed 

to  2400  K  and  then  cooled  in  less  than  10  second!  to  about  1400  K.  The  increase  in"., 
spectral  emission  with  time  is  indicative  of  the  formation  of  an  "optically  thick  layer  of 
reaction  product  on  the  surface.  Assuming  that  the  reaction  product  is  an  oxide  or  nl- 
tride  (or  both),  kinetic  theory  indicates  that  a  reaction  layer  about  10  monolayers  thick 
had  formed  in  60  minutes.  At  the  end  of  the  hour,  the  observed  emission  was  from 
the  reaction  product  layer,  with  negligib^le  contribution  from  the  metal  substratum. 

In  subsequent  measurement  of  temperature  profiles  for  thermal  conductivity  and  total 
thermal  "emission  determination,  all  data  was  taken  within  a  period  of  10  minutes.  It  - 
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can  beitassumed  that  negligible  change  in  total  emission  occurred  durilg  this  period  as 
the  profUe  did  not  change.  After  about  20  minutes  at  the  low  temperat\fre  settings,  tem¬ 
perature  profile  changes  .consistent  with  an  increase  in  total  thermal  emission  were 
observed.  '  . 

,,  ^  "  ■  ..  ^  " 

The  presented  in  Figure  8  is  reported  as  spectral  thermal  emission  values.  The 

reproducibility  of  the  data,  together  with  the  study  reported  in  Figure  9,  suggest  that 
this  data  represents  the  true  emisslvity  of  ZrC.  The  lack  of  temperature  dependence 
indicates  ti)a4^.85  micron  is  quite  near  the  cross-over  point  in  spectral  emission«vs 
w&velength.  This  conclusion  is  not  supported  by  the  study  that  Rlethof  reported.  '  ' 
Rlethof  i^eported  thb  cross-over  to  be  at  2. 3  microns  and  a  decided  temperatqpe  de¬ 
pendence  at  the  shorter  wavelengths It  is  possible  that  Rlethof  s  ZrC  had  surface  con- 

"  -a 

tamlnation  at  the  lower  temperatures.  It  is  also  possible  that  the  ZrC  studied  here  was 
not  identical  in  carbon  content  with  Rlethof  s  and  that  this  ihight  Influence  the  spectral 
„  thermal  emission.  There  is  fair  agreement  in  the  absolute  value  of  emission  at  O.SSp 

between  these  two  studies;  Rlethof  s  data  goes  from  abouf''0.67  to  0.55  between  2670  K 

\  ■  " 

and  2100  K,  while  the  present  study  finds  a  near- constant  value  of  0.62  up  to  2400  K. 
Resistivity 


Resistivity  was  measured  bfr  contacting  the  electrically  heated  rod  specimen  near  its 
center  with  two  tungsten  voltage  probes.  The  instrumentation  for  this  measurement  is 
described  elsewhere.  Between  the  two  voltage  probes,  the  temperature  profile  of 
the  rod  was  nearly  flat.  The  difference  between  the  rod  temperature  at  the  prbbes  and 
the  maximum  central  temperature  never  exceeded  100° .  The  temperature  assigned  to 
each  i^lstivity  measurement  was  obtained  by  averaging  the  known  profile  (a  quadratic) 
over  the  distance  between  probes.  This  averaging  resulted  in  a  temperature  no  ^u^e 
than  30°  below  the  maximum  temperature.  «  . 


Flexure  10  presents  the  res^a{ts  of  this  study  on  two  ZrC  specimens ,  together  with  the 
data  obtained  by  Taylo4  The  data  points  reported  here  have  been  corrected  for 
thermal  expansion  using  values  compiled  by  Goldsmith,,  et  al;  '  [  and  have  been  cor¬ 
rected  to  full  density.  The  measured  density,  90  per  cent  of  theoretical,  is  l|i  average 
density  over  each  of  the  whole  specimens.  One  central  piece  of  a  s^cimen  measured 
92  per  cent  of  theoretical  density.  This  uncertainty  in  density  (about  ±  2  per  cent)  is 
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the  major  error  source  in  the  reported  resistivity  values.  The  agreement  between  the 
present  values  at  high  temperatures  and  Taylor's  data  for  temperatures  below  1300  K 
is  excellent.'  The  elevated  temperature  resistivity  of  Zr0  Is  apparentlj’  not  sensitive  , 

i'. 

to  carbon  content  between  11.0  and  11.8  w/o  total  carbon  within  the  accuracy  of  the  two 
studies. 


The  data  of  Figure  10  is  well  fitted  by  a  linear  equation:  ^ 

»  p  =  0.42  X  10'^  +  0.73  X  ip'"^  T,  fofS  300  <  T  <2400  K, 

where  the  probable  error  in  the  linear  fit  to  the  experimental  data  IS  ±  1.5  x  10“"^  ' 
ohm-cm.  However,  the  uncertainties  in  specimen  density  place  a  limit  of  about  ±  2  per 
-cent  on  the  data  a^^curacy  as  discussed  above. 

d.  Total  Thertpal  Emission  ,  " 

Total  thermal  emission  and  thermal  conductivity  are  determined  simultaneously  in 

f/  .  ^  ' 

the  present  therinophy steal  properties  apparatus.  Temperature  profiles  obtained  from 
the  electrically- heated  specimen  rods  are  computer  fitted  to  a^^'^dratic  expression. 
Each  profile  then  yields  a  linear  equation  in  which  total  emission  and  thermal  conduc¬ 
tivity  are  the  only  unknowns The  linear  equations  are  valid  near  the  central  tem¬ 
perature  of  the  rod.  Total  thermal  emission  values  were  obtained  by  simultaneous  so¬ 
lution  of  pairs  of  these  linear  equations.  The  temperature  assigned  to  each  determina¬ 
tion  of  total  emission  is  the  average  between  the  central  temperatures  corresponding  to 
the  two  llnearjeqiiatlons  In  question.  "  , 

Figure  11  presents  the^tal  thermal  emission  values  obtained  in  this  investigation.  The 
stxaight  line  drawn  through  the  peXts  may  be  analytically  expressed  as 


=  0.772  -  9  X 


1500  <T<  2400  K; 


where  the  probable  error  in  the  line  is  1  0.02  near  2000  K. 

-.V  "  1)  ....  •  V  .. 

e.  Thermal  Conductivity  '' 

^  a  -  o  "  /  "■  VH' 

The  linear  equations  in  thermal  conductivity  apid  total  thermal  emission  %ere  solved  for 
r  conductivity  using  emission  vi^ues  taken  from  the  line  in  Figure  11.  The  emission  y^ue 
corres^ilded  to  the  tempera.t|re  characteristic  of  the  linear  equation.  That  temperature 
H  was  also  assigned  to  the  resultant  conductivity  value.  J^qrosity  was  corrected  for  utlllz- 
"alngthe  formuU  .  k 


(1  -  P) 
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K  =  K 

o  p 


where  "p  is  the  nteasured  conductivity,  P  is  the  porosity,  and  is  the  conductivity  at 
zero  porosity.  The  above  equation  has  been  shown  by  Kingery  be  a  good  approxi¬ 
mation  for  small  P  if  the  pore  strurlure  is  discontinuous.  " 


Figure  12  exhibits  the  experimental  points  from  this  study  together  with  the  curve  re¬ 
ported  by  Taylor.  Taylor's  scatter  is  comparable  to  that  jn  the  present  study.  The 
electronic  contribution  to  thermal  conductivity  as  given  by  the  free  electron  value  for 
the  Lorenz  number  (2.45  <  10'  watt-ohm/deg  )  and  the  resistivity  c^ta  of  Figure  10  is 


■■  also  shown  in  Figure  12.  J 

2.  Conclusions 

There  is  a  significant  difference  in  tlie  values  for  thermal  conductivity  obtained  in  t|ils 
study  and  those  reported  by  Taylor.  No  explanation  for  this  dlffereiitje  is  offered  here,  al¬ 
though  it  is  noted  that  Taylor's  specimens  ',|ve;^e  carbon  deficient  and  were  probably  single¬ 
phase,  while  the  present  specimens  contained  a  small  amount  (about  0.2  w/o)  free  carbon. 
The  slopes  of  the  curves  obtained  by  the  two  investigations  are  identical  and  are  s|gnlfi- 

(l  can^y  above  that  predicted  by  the  Wiedemann- Franz  law.  The  1/T  law  which  is  predicted 

\  ■  ..  ■ 

for  the  lattice  contribution  to  thermal  conductivity  is  i^ot  obeyed  in  either  study.  The  fail¬ 
ure  of  the  total  thermal  conductivity  to  obey  the  equation  K  =  +  t/T  has  been  noted  pre¬ 

viously  by  Taylor  for  zirconium  carbide  and  for  titanium ‘carbide. 
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High  Temperature  Therntophyslcal  ^Properties  of  UC ^ 

1.  Experimental  ” 

Several  attempts  to  fabricate,  UC2  into  rod  shapes  using  graphite  dies  and  jplungers  at 
high  temperatures  (2300  C)  rostOt.ed  tn  poorly  bonded,  low  density  specimens.  Lineal  den- 
sitjj  g^^dlents  occurred,  with  low  central  density  and  fairly  high  end  densities.  Ad(^tion  of 
1  fj/dr  cent  nicltel  to  the  UC2  powder  resulted  in  a  rod  4. 13  cm  long  and  0.623  cm  in  diameter. 
This  specimen  was  hot-pressed  in  graphite  for  15  minutes  at  about  1700  C  and  6000  psi. 

A  gross  measurement  of  density  immediately  following  fabrication  showed  it  to  be  95  per 
cent  of  theoretical  density..  A  density  check  of  the  central  one  centimeter  length  of  rod 
alter  property  measurements  showed  it  to  be  90  per  cent  of  theoretical  density  (10. 5/11. 7 
gm/cm^.'  " »  ■  " 


..Following  the  property  measurements,  metallographic  examination,  cheihical  analysis,  and 
x-ray  determination  of  the  lattice  parameters  were  performed.  The  specimen  consisted  of 
8. 7  w/o  total  carbon  and  had  0. 3  w/o  oxygen  in  it.  The  lattice  parameters  were  a  s  3. SIS 
±  0.002  Stu.  and  c^j  =  5.976  ±  0.002  a.u.  The,x-ray  pattern  showed  i,he  UCg  to  be  lalrly 
well  crystallized  with  a  trace  phase  of  UC  present.  (The  last  heat  treatment  before  analysis 
.  ended  with  a  rapld.^;oollng  from  2150  K). 

'  O 

Metallographic.  examination  was  performed  both  at  the  end  of  the  rod  (cold  area)  and  at  the 
center. of  the  rod  (hottest  area).  Nickel  was  found  at  the  cold  ends  in  the  grain  boundaries 
while  none  was  observed  at  the  center.  The  sample  appeared  to  be  of  higher' density  than 
either  den8it:^^ea8urement  indicated.  The  specimen  exhibited  considerable  twinning  and 
some  UC  precipitate  as  ^p|eviou8ly  observed  by  Chubb  and  Phillips.  Figure  13  is  a  photo¬ 
micrograph  at  25(1X  of  the  central  section  of  the  rod.  The  bright  sfwts  are  voids. 
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Th'fe  specimen  was  cleaned  and  polished  in  a  gettei  ed- argon  glove  box  and  then  inserted  into  . 
the  thermal  properties  apparatus  described  previously.  Temperature  and  other  raeasure- 
nieiits  were  also  peviormed  as  previously  described,  The  initial  heat  up  'A’as  done  slowly, 
during  which  resistivity  was  often  measured.  Above  1500  C,  nickel  begw  to  cook  out  rapidly 
so  that  further  temperature  n\easure.ments  were  in  errpr  due  to  a  coated  window.  A  final 
hiiating  at  2070  K  for  one  hour  removed  all  traces  of  Ni  from  the  central  region  of  the  speci¬ 
men.  Resistivity,  values  during  the  initial  heat-up  are  shown  in  Figure  14,  they  are  labeled 
"UCj  +  1  v/o  Nl"';  Subsequent  heatings  (after  cleaning  of  the  window)  resulted  in  negligible 
nickel  eva'^ratlon. 

Figure  14  presents  tiie  resistivity  of  UCg  containing  8. 7  w/o  carbon.  The  upper  points, 
labeled  UjC,  +  C,  were  obtained  following  a  30  minute  soak  at  1550  K  and  a  60  minute  soak 
at  1450  K.  The  equilibrium  phase  composition  at  1450  K  is-UgCg  +  C,  however,  the  kinet¬ 
ics  of  the  decomposition  reaction  at  that  temperature  are  quite  slow  so  there  is  no  assurance 
that  only  U,C_  and  C  were  present  during  the  measurement;  Heating  above  2100  K  caused 
the  resistivity  to  approach  that  of  UCj.  indicating  that  the  "UgCg  +  C"  was  rapidly  changing 
n  back  to  UCg  (the  equilibrium  phase  at  2100  K).  No  analysis  was  made  of  the  phase  composi¬ 
tion  for  the  points  labeled  UgCg  +  C.  The  data  points  in  Figure  14  have  been  corrected  for 
*  a  porosity  of  10  per  cent  and  should  be  characteristic  of  the  fully  dense  material.  Due  to 

uncertainty  In  density,  the  curve  labeled  UC,  is  probably  in  error  by  ±  5  per  cent.''' 

,(/■ 

Figule  15  shows  the  spectral  emission  values  obtained  at  O.eSp  for  the  UCj  specimen. 

These  data  were  used  for  temperature  measurement  during  electrical  resistivity,  thermal 
conductivity,  and  total  thermal  emission  measurements.  The  spectral  emission  values  were 
very  reproducible  and  did  not  change  significantly' evert  when  the  sample  was  soaked  at  the 
lower  temperatures  (1450  K)  for  30  minutes  in'k  vacuum  of  5  x  10" torr.  The  implication 
here  is  that  rib  noticeable  reaction  was  occurring  on 
(the  contrary  was  observed  in  the  case  of  ZrC). 

Figure  16  exhibits  the  results  of  the  measurement  of  total  therriial  emission  for  UCg.  The 
straight-  line  drawn  through  the  points  was  used  in  calculating  the  thermal  conductivity 
points  in  Figure  17  as  described  elsewhere.  The  data  shown  here  are  not  considered  to 
be  very  accurate  due  primarily  to  the  short  length  of  the  specimen  rod  and  the  resulting 
lack  of  resolution  in  determining  the  temperature  profiles.  Nonetheless,  the  data  should  be 
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accurate  to  t  20  per  cent  at  the  worst.  Figure  17  alsj  shows  the  electronic  contribution  to 
the  thermal  conductivity  of  UC^  as  given  by  the  Wiedemann- Franz  law  wd  the  resistivity 
values  of  Figure  14. 
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G.  High  Temperature  Thermophysical  Properties  of  Up  ^Zr^  gC 

‘  *  /I  . 

Property  measurements  were  attempted  on  thrd'e^speclmens  of  Uq  gZr^  gC.  In  all  three  cases, 
failure  of  the  sample  (by  fracturD  dcciir red  before  the  measurements  could  be  conipleted.  Data 
were  obtained,  however,  on  the  electrical  reslstivty  and  the  spectral  thermal  emission  from  speci¬ 
mens  with  reacted  surfaces.  The  specimen  preparation,  characterization,  and  the  measured  p^per- 
tles  will  be  discussed  below,  together  with  a  thermal  conductivity  estimate. 

Three  1/4  inch  diameter  rods  aboujt. 2  Inches  long  were  hot-pressed  from  mixed,  -325  mesh,  UC 
and  ZrC  powders.  An  addition  of  l.  w/o  Ni  was  made  to  the  mixed  powder^  to  aid  in  densification. 

The  powders  were  pressed  in  graphite  at  about  2000  K  with  6000  psl  applied  pressure  for  15  minutes 
at  temperature.  The  resulting  rods  were  of  fully  dense  and  well  bonded.  Metallographic  and  x-ray 
data  obtained  after  the  measurements  will  be  presented  below. 

The  first  rod  was  heated  to  about  2000  K  and^remained  at  that  temperature  2  hburs^while  nickel 

'•  ^  ^4  " _  o  ••  o  (.1 

cooked  out  of  it  (the  vapor  pressure  of  Ni  is  1.9'X  10  atmos.^.at  2000  K).  Upon  slow  cooling,  a 

••  yy  -  -•  o  "  ■■  "  •' 

radial  crackVppeared  near  one  cold  end;  examinatidh  after  removal  showed  the  break  to  be  of  the 
type  one  would  expect  from  thermal  stress,  A  similar  break  occurred  in  the  second  rod,  also  upon 
cooling.  No  useful  data  was  obtained  from  either  of  these  experiments. 

A  i^jiird  rod,  slightly  longer  than  the  first  two,  was  inserted  into  the  apparatus  and  resistivity  was 
m^ured  during  the  initial  heat-up.  The  resulting  data  are  reported  in  Figure  1  as  Uq  qZvq  gC  4- 
1  w/<^1fi.  The  specimen  was  then  held  at  2ti00  K  for  about  two  hours  while  nickel  evaporated;  the  rapid 
evaporation  of  Ni  at  2000  K  was  evidenced  by  a  rapid  plating  out  on  the  quartz  vieyr-port  of  the  appara¬ 
tus.  The  rod  was  then  cooled  and  the  window  cleaned.  Re- heating  of  the  specinnien  yielded' the 

■  o  .  "  "  4.19„  / 
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resistivity  data  for  I,Iq  gC  reported  in  Figure  18.  No  nickel  plated  out  on  the  window  during 

the  second  heating.  The  sample  broke  (again  apparently  due  to  stresses  arising  from  the  steep  ther¬ 
mal  gradients  at  the  rod  ends)  before  further  measurements  could  be  taken.  ' 

V 

Metallographic  examination  of  the  specimen  central  cross-section  after  the  above  measurements  re¬ 
vealed  a  single-phase,  well  densified.  solid  solution.  No  trace  of  Ni  was  in  evidence.  The  mean- 

intercept  grain  diameter  was  determined  to  be  5.4  microns.  X-ray  .diffraction  of  the  same  surface 

o  ■  ■  ■  ' 

showed  a  well-crystallized  single  phase  with  lattice  parameter  a^  =  4.823  •  0.002  A.  Thi8„parametar 
corresponds  to  the  solid  solution  Uq  5()ZrQ  jqC. 

Temperature  measurement  of  the  rod  was  performed  by  observation  with  an  optical  pyrometer  into 
a  tapered  hole  0.020  inch  iii  diameter  by  about  O'.'OSO  inch  deep.  Comparison  of  the  hole  temperature 
with  nearby  surface  temperatures  yielded  values  for  the  spectral  emission  of  the  rod.  No  change  in 
emission  was  observed  after  soaking  at  2000  K  for  two  hours;  this  observation  together  with  the  high 
emission  values  observed,  indicates  that  the  surface  remained  contaminated  throughout  the  investi¬ 
gation.  (The  flashing  temperature  used  for  ZrC  was  about  2400  K,  while  UC  was  cleaned  at  about 
2100  K;  no  attempt  was  made  to  find  a  minimum  effective  flasliing  temperature  for  these  materials. 

't. 

Figure  19  presents  this  measured  spectral  emission  at  0'.65)i  lor  Uq  s^rQ  .  gC  with  a  reacted  sur¬ 
face.  It  appears  that  fully  reacted  surfaces  (i.e.  surfaces  with  optically  thick  reaction  layers)  of  all 

<> 

of  the  materials  examined  In  the  present  Investigation  have  spectral  emission  values  near  0. 75. 


The  thermal  conductivity  of  Uq  qZCq  gC  could  not  .be  measured  in  the  apparatus  used  in  the  present- 
study  due  to  the  very  low  thermal  stress  resistance  of  tfiife  solid  solution.  An  estimate  can  be  made, 
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The  above  table  shows  the  Lorenz  numbers  for  UC  and,|or  ZrC  to  fall  between  about  2.7  x  and 

.ft  " 

3.0  X  10  above  1500  K;  that  Is,  the  materials  exhibit  near-ideal  metal  characteristics  (L  >  2.45  x 

10'^.  The  lattice  contri^uticn  of  the  solid  solution  Uq  5ZrQ  should  be  even  less  than  that  of  the 

-ft' 

pure  compounc^^.  Therefore,  a  Iiorenz  number  of  2.8  x  10  ip  porbably  accurate  within  ±  10  per 
cent  for  Uq  52rQ  gC  above  1500  K.  Between  1000  and  1500  K,  a  Lorenz  number  of  2. 8  x  10'^  Is 
probably  accurate  within  i:  IS  per  cent;  while  nothing  can  be  Inferred  about  its  behavior  below  about 
1000  K.  A  tabulation  of  the  estimated  thermal  conductivity  of  Uq  gZrQ  gC  is  given  in  the  following 
Table  using  the  al^ve  estimated  Lorenz  number  and  the  measured  resistivity  (Figure  18) . 

K 


(yA: 


Temperature 

IC 


1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 


(- 


cal 


cm  sec  ,ds8 
0.036 
0)1040 
0.044 
0.047 
0.049 
,0.052 
0.053 
0.055 


-) 


As  is  expected,  the  conductivity  of  the  solid  solution  is  lower  than  either  of  the^re  carbides  UC  or 
ZrC.  This  low  thermal  conductivity  may  account  for  tiie  observed  cracking^since  higher  thermal  stres¬ 
ses  will  develop  in  Uq  gZfQ  gC  than  iij  comparable  UC  or  ZrC  samples. 


/ 
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H.  The,  ThC^,  YBg-  a»d  EuBg  Thermophysical  Properties 

Fabrication  and  experimental  difficulties  allowed  only  limited  data  to  be  obtained  on  these  materials. 
No  data  was  obtained  on  EuBg  due  to  failure  of  all  attempts  to  fabricate  a  suitable  rod  specimen. 
Spectral  thermal  emission  values  (some  characteristic  of  reacted  surfaces)  were  obtained  for  ThC, 
ThC2,  and  YBg.  Electrical  resistivity  data  was  obtained  for  ThC2  between  1300  and  2290  k"  The 
materials  will  be  discussed  separately  below.  ., 


Yttrium  hexaborlde  was  prepared  in  rod  form  by  vacuum  hot  pressing  in  a  molybdenum  die  using 

1/4  inch  diameter  tungsten  plungers.  Fifteen. minutes  at  1500  C  under  9000  psi|produced  an  85  per 

cent  dense  irod  about  1-1/2  inch  long.  The  starfing  material  was  -325  mesh  YBg  powder  prepared  at 

VAL  from  Y„0,  and  B.  During  a  subsequent  brazing  step,  the  sample  was  Inadvertently  exposed 
2 

to  air  at  about  500  C.  Although  no  visible  change  occurred,  its  high  measured  resistiyity  (0.0346 
n  -cm  at  10  C)  indicated  that  some  reaction  had  occurred.  (The  reported  room  temper  iture  resis¬ 
tivity  of  YBg  is  10.4  X  10"®  fi.-cm.  Prior  experience  suggested  that  the  borate,  YBOg,  had  re¬ 
sulted  from  heating  in  air;  x-ray  diffraction  confirmed  a  predominant  phase  of  YBO..  Subsequent 
attempts  to  produce  YBg  rods  in  graphite  dies  were  not  successful; 


Thorium  monocarbide  and  thorium  dicarbide  bars  were  obtained  from  the  Carborundum  Co.  They 
were  1/4  inch  x  1/4  inch  x  2  inches  sqvlare  bars.  Due  to  the  extreme  reactivity  between  the  carbides 
and  air  at  room  temperature,  all  handling  of  these  bars  was  performed  in  a  calcium- gettered  argon 
glove  box  in  the  presence  of  ^2^5'  routine  methods  of  mounting  the  specimens  in  the  thermal 
properties  apparatus  failed  In  this  case.  The  method  of  mounting  resorted  to  was  pressure-fitting 
the  carbide  to  the  copper  electrode  using  annealed  gold  foil  in  the  interface.  This  technique  provided 
greater  electrical  and  thermal  resistivity  than  brazing,  but  proved  satisfactory. 


The  ThC  specimen  was  heated  up  to  2335  K  during  which  spectral  emission  values  were  obtained  from 
hole  vs  surface  temperature  measurements.  No  resistivity  or  other  data  were  obtained  due  to  fail¬ 
ure  of  the  tungsten  voltage  probe.  On  cooling',  the  sample  cracked  badly,  apparently  due  to  thermal 
shock.  No  further  studies  on  ThC  Were  attempted,  however  the  present  techniques  are  adequate  to 
determine  the  thermophysical  properties  of.  ThC.  The  emission  data  on  ThC  presented  in  “Figure  20„ 
is  probably  representative  of  a  reacted  surfa'c^  at  the  lower  temperatures,  while  the  yalues^abqve 
1900  K  may  approach  the  true  spectral  emissivlty  of  ThC. 

.4-2^^ 
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The  ThCg  s^cimeu  rod  was  pressure-contacted  to  the  water-cooled  copper  electrodes  of  the  ther¬ 
mal  properties  apparatus  using  annealed  gold  foil.  The  rod  was  95  per  cent  dense  (8. 96  gm/cm^. 

No  chemical  analysis  is  available  at  this  time.  The  observed.microstructure  of  the  center  of  the  roti 
after  property  measurements  is  shown  in  Figure  21.  Considerable  twinning  is  evident  in  the  photo¬ 
micrograph.  The  large  and  small  non- metallic  Inclusions  are  isotropic  and  are  believed  tphe  ThOj. 

The  large  uniformly  grey  areas  are  pores:  The  present  powderr metallurgy  product  has  very  similar 

■'  f3i 

microstructure  to  the  arc-fused  material  reported  by  Brett  et  al.  '  ' 


Spectral  emission  values  for  ThCg  are  shown  in  Figure  20.  They  were 'obtained  using  a  hole  0. 12  cm 
deep  by  0.06  cm  in  diameter.  The  hole  is  not  black-body,  but  no  correction  was  made  for  its  shallow¬ 
ness.  The  high  values  obtained  below  .1500  K  are  believed  to  be  due  to  reaction  product  buildup  on 
the  surface  of  the  carbide.  The  material  was  not  initially  highly  polished,  but  high  temperatures 
thermally  polished  it  considerably. "  Thi^ values  in  Figure  20  are  probably  hot-true  emlssivity  values 
as  is  Indicated  by  the  downward  trend  at  very  high  temperatures.  ’jThe  data  in  Figure  10  was  utilized' 
in  determining  the  resistivity  vs  temperature  data  discussed  below.  ' 


Electrical  resistivity  of  ThC2  was  measured  as  previously  described.  The  temperature  profile  be¬ 
tween  prqbe^  Increased  nearly  linearly  (due  to  poor  thermal  contact  at  the  top  electrode)  so  that  a 
simple  average  could  be  employed  accurately.  The  temperature  difference  between  probes  varied 
between  10  and  40  degress.  The  observed  resistivity  values  are  shown  in  Figure  22.  The  somewhat 
abrupt  change  in  slope  near  1530  K  to^y  he  due  to  a  phase  change  in  ThC2.  The  points  in  Figure  22 
were  obtained  over  a  variety  of  heating  rates,  both  in  the  heating  and  cooling  directions;  the  curve 

'  l', 

seems  quite  reproducible.  The  lattice  for  ThC2  has  bee^-Tfported  as  tetragonal,  orthorhomic,  and" 
monoclinic  as  is  recently  reviewed  by  Kempter  and  nllkorian.  The  apparent  lack  of  agreement  on 
lattice  and  parameters  may  be  due  to  the  existance  of  one  or  more  high  temperature  phases  whose 
existence,  at  room  temperature  is  dependent  on  cooling  rate  ahd/or  impurity  content. 

No  thermal  conductivity  or  total  emission  data  was  obtained  for  the  thorium  carbides.  The  present 
apparatus  is  suitable  for  these  materials;  however,  bonding  techniques:  must  be  found  to  join  the  car¬ 
bide  to  its  water-cooled  electrode. 
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Figure  2.  ELECTRICAL  RESISTIVITYvv  EXPERIMENTAL  POINTS 
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Figure  3.  ELECTRICAL  RESISTIVITY  OF  UC  (5.3  w/o  TOTAL  CARBON) 
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Figure  4.  NORMAL  SPECTRAL  (0.65^)  EMISSION  OF  UC  (5.3w/o  TOTAL  CARRON) 
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Figure  5.  TOTAL  HEMISI 


lERICAL  EMISSION  OF  UC  (5.3  w/o  TOTAL  CARBON) 
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Figure  7.  THERMAL  CONDUCTIVITY  OF  UC  (5.3  w/o  TOTAL  CARBON) 
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Figure  9.  ZrC  SPECTRAL  EMISSION  VERSUS  TIME  AFTER  FLASHING 
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Figure  10.  ELECTRICAL  RESISTIVITY  OF  ZrC  (11.8  w/o  total  carbon) 
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Figure  11.  TOTAL  THERMAL  EMISSION  FOR  ZrC 
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Figure  13.  PHOTOMICROORAPH  6f  ..UC2  SPECIMEN  (250  X) 
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Fisur«16.  tOTAL  THBtMAL  EMISSION  OF  UC2(8.7w/o  total  C) 


Rgur*  17.  THERMAL  CONDUCTIVITY  OF  UC2  (8.7  w/o  CARBON) 
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Figurcr^O.  SPEaRAL  EMISSION  (0.65  ju)  OF  ThC  AND  ThCi 
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V.  CESIUM  COMPATADILITYVWITH  SELECTEr  THERMIONIC  EMttTER  MATERIALS  -  A.  I.  Kaznoff, 

j.l  T  E.  W.  Hoyt" 


A.  Introduction 


// 


The  object  of  this  report  is  to  present  some  of  the  available  infoi||mation  on  the  physico-chemical' 
properties  of  eleihental  cesium  and  its  chemical.interaction  with  emitter  materials.  “The  physico¬ 
chemical  properties  discussed  are  primarily  those  of  thermodynamic  nature. 


The  chemical  Interactions  are  primarily  discussed  on  the  basis  of  binary  systems  with  the  elements 
occurring  in  the  emitter  materials  studied:  UC,  UCg,  (UC)q  glZrOp  ThC,  ThCg,  YBg  andEuBg. 
Consideration  was  also  extended  to  the  binary  systems  with  oxygen,  nitrogen,  hydrogen,  tantalum, 
iron,  nickel  and  copper.  This  was  deemed  necessary  because  active  gases  such  as  O2,  N2  and  H2 
can  be  present  as  a  result  of  leakage,  failure,  etc.  The  other  materials  are  structural  materials 
u^ed  in  compatibility  testing.  This  study  was  made  to  supply  background  information  for  the  cesium 
compatibility  testing  program  at  this  laboratory. 

As  the  field  of  cesium  technology  is  experiencing  a  rapid  growth  it  is  possible  that  some  of  the  mater- 
"lal  presented  is  dated  and  incomplete. 

The  results  of  a  limited  compatibility  program  are  presented.  The  main  emphasis ^  the  first  year's 
effort  was  the  development  of  techniques  for  testing  at  elevated  temperature.  The|prlncipal  results 
were  of  the  nature  of  screening  tests  at  1000  C.  The  development  of  high  temperature  testing  pro¬ 
cedure  and  associated  problems  are  discussed. 

.0 

B.  Summary  and  Recommendations 

■■  ,  "■  - 

1.  A  review  of  the  cesium  literature  showed  that  many  important  areas  have  not  been  eluci¬ 
dated  by  investigators.  Among  some  of  the  more  important  areas  that  need  study  are: 

Cesium- Uraniuih  System 
Cesium-Oxygen  System 
Cs- Oxygen- Uranium  System 
>  Cs-Qxygen-Tungsten  System 


Although  it  was  not  considered  in  this  report,  the  Cs-Pu  and  related  systems  are  worth  some 


cons! 


deration. 
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2.  Techniques  were  developed  for  low  temperature  (1000  C)  cesium  compatibility  testiiVjj;.  The 
primary  objective  of  the  testing  program  was  the  screening  of  emitter  materials. 

3.  The  results  of  1000  C  tests  showed  that  borides  are  Inert  to  cesium  vapor.  The  speciflc 
borides  tested  were  YB^  and  EuBg.  Composite  structure  Involving  these  borides  with  re¬ 
fractory  metals  showed  Interfaclal  failures  which  could  not  be  attributed  to  cesium  attack. 
The  duration  of  the  test  was  350  hours. 

4.  A  sample  of  UO,  at  1000  (this  material  was  not  originally  included  in  the  work  statement) 
was  found  to  experience  no  attitVA  by  cesium  after  350  hours.  The  test  performed  on  UO2 
is  justified  by  Increased  Importance  of  this  fuel  In  nuclear  thermlonics. 

5.  Two  tests  at  1000  C  were  carried  for  350  hours  and  500  hours  respectively.  The  second 
test  was  not  totally  successful  as  oxygen  leakage  occurred.  It  is  postulated  that  leakage  oc¬ 
curred  through  the  nickel  plated  copper  pinch-off  tube.  The  resulting  leakages,  which  was 
very  small,  contributed  to  the  failure  of  carbide  specimens  during  the  test  exposure,  br¬ 
ides  were  not  affected-  i 

6.  The  results  of  the  tests  "suggest  that  further  work  can  be  performed  with  success  if  the  test 

(v. 

chamber  is  enclosed  in  a  vacuum  or  operated  in  well-gettered  inert  gas  (argon  or  helium). 
The  furnace  heating  elements  must  be  made  of  refractory  metal  (Ta  or  W). 

7.  An  all  tantalum  testing  system  was  developed  foi*  testing  up  to  1700  C  and  possibly  higher. 
The  testing  chamber  consisted  of  welded  tantalum  including  a  tantalum  plnched-off  cesium 
reservoir  which  V^as  aj^o  welded  shut  in  the  final  operation.  The  whole  system  was  operated 
under  argon  in  a  puj^^ alunfltia  tlibe  lined  with  molybdenum.  The  test  had  to  be  terminated 
because  of  the  failure  of  the  alumina' tube  which  resulted  in  oxygen  attack  of  the  tantalum 
tube  alter  about  115  hours  d|^ operation.  No  results  could  be  salvaged  from  this  experiment. 
Analysis  of  the  test  chamber  showed  that  all  tantalum  welds  were  sound  and  that  the  oxlda- 
tion  attack  occurred  only  in  regions  opposite  the  cracks  that  developed  in  the  aluminum  tube. 
Such  failures  can  be  obviated  by  using  a  vacuum  furnace  instead  of  rhodium  tubular  furnace 
used  in  this  experiment. 

8.  It  is  imperative  that  techniques  be  develop'Od  to  monitor  cell  conditions  during  the  test  period 
so  that  developing  leakage  could  be  ascertained  when  these  occur  so  that  test  results  may  be 
saved  for  analysis. 
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9.  Present  state  of  knowledge  of  the  physicochemical  properties  of  cesium  is  inadequate  but 
work  in  progress  indicates  that  unknown  areas  are  being  rapidly  filled  up.  At  present  a 
more  urgent  need  is  the  determination  of  the  chemical  action  of  cesium  on  metals,  particu¬ 
larly  brazes,  and  insulators.  Long  term  testing  is  desirable  both  for  commercially  avail¬ 
able  materials  and  for  newer  materials  that  appear  to  hold  promise.  It  is  of  interest  to  de¬ 


termine  the  activi|y  of  oxygen  in  cesium  as  it  is  related  to  that  of  oxygen  in  refractory  metal 
,,8ystems  (as  a  function  of  temperature  and  cesium  pressure). 

10.  It  is  important  to  establish  phase  diagrams,  or  partial  phase  diagrams  (at  least  solubilities)  . 
in  the  following  metal  systems:  U-Cs,  Nb-Cs,  (Zr-Cs),  in  the  range  of  300-1200  C  as  a 
start.  Extension  to  higher  temperature  may  be  advisable  after  the  suggested  study  is  com- 
pleted.  The  Cs-O  system  deserves|more  elucidation. 

11.  As  there  is  a  distinct  possibility  that  oxygen  deficient  UO2  may  result  in  metal  clad  fuel 
emitters,  there  is  the  possibility  of  loss  of  oxygen  as  O,  (gas).  Mo  or  W.  oxides,  and  as 

<-*  •»  1.  A  0  .. 

UO2  (g).  It  is  Important  to  establish  what  happens  to  the  elemental  oxygen  or  that  bound  in 
volatile  clad  metal  oxide  in. the  presence  of  cesium  and  hot  oxygen  getterd’  such  as  niobium. 

\  This  is  the  same  phenomenon  that  suggest^ the  study  of  the  U-Cs  system  since  hypOstoichl- 
ometry  UO2,  if  produced,  may  precipitate  out  metallic  uranium  on  cool-down  and  revert  to 
state  closer  to  stoichiometry.  The  lowering  of  temperature,  for  whatever|| cause,  will  pro¬ 
duce  elemental  uranium  which  will  volatilize  into  the  cesium  atmosphere.  The  f^l  disposi¬ 
tion’ of  this  uranium  is  unknown.  From  the  above  discussion  it  is  clear  that  therl'i!iikl  cycling 

If 

may  produce  very  undesirable  effects  by  alternate  losses  of  oxygen  and  uranium.  The  sever¬ 
ity  of  these  anticipated  problems  shpuld  Increase  with  higher  temperatures  and  temperature 

...  .. 

changes  which  may  be  necessary  to  increase  efficiency  of  devices. 

12.  It  is  desirable  that  definitive  corrosion  data  be  obtained  for  metal  systems  in  which  cesium 
will  be  contained  as  a  liquid.  A  close  cooperation  in  this  area  must  be  established  v^ith  the 
AEG  and  other  agencies  especially  those  active  in  cesium  ion  engine  development.  The  tar? 
get  of  the  study  should  be  the  determination  of  specifications  of  container  materials  based  on 
fundamental  studies  for  the  studies  of  mechanisms  of  attack. 

13.  It  is  desirable  to  establish  the  chemical  interaction  of  cesium  with  fission  products.-  Pri-  .  [I 
mary  attention  must  be  directed  to  electronegative  species  in  the  fission  products  (such  as  " 
iodine,  selenium,  etc.).  The  study  should  cover  gaseous  interactions  and  interactions  in 
liquid  cesium.  The  reason  for  this  study  is  to  find  what.,effects  are  produced  by  cesium 
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salts  (say  cesium  iodide)  on  the  rest  of  the  system  components.  At  least  a  paper  study 
should  be  initiated  at  this  time,  followed  by  e.'sperinnental  work. 

14.  Alternative  methods  of  cesium  vapor  generation  could  be  given  more  attention  particularly 
those  that  involve  generation  from  solid  compounds  or  solid  state  reactions. 


C.  Physical  Properties  of  Cesium 

At  present,  a  considerable  numt'er  of  physical  constants  are  available  for  the  metal  cesium,  A  short 
summary  of  some  of  the  basic  properties  is  given  below; 


Atomic  Number  -  55 

,\v 


Atpmlc  Radius  (A)  -  2.62 
Ionization  Potential  (volts)  -  3.87 
Oxidation  Potential  (volts)  -  2.923 
Electrical  Conductivity  (273. 15  K)  - 


Atiimlc  Weight  -  132.91  << 

Specific  Gravity  -  (293.2  K) 
in  the  solid  state  -  1.873 
Melting  Point  C^K)  -  301.8 
Bolling  Point  ("K)  -  955 

Structure  of  Cesium  Metal  (Solid  State) 

Cesium  metal  crystallizes  ;ln  a  simple  lx>dy- centered  cubic  structure  (A- 2).  This  structure 
exists  from  1.2  K  to  the  meltini'  |x>int  (301.8  K).  No  spontaneous  phase  changes  below 
the  melting  point  have  been  observed.  The  following  x-ray  parameters  have  been  reported: 


(in  mhos)  5. 18  x  10’ 

Brlnnel  Hardness  kg/mm  -  0.015 


Temperature  (‘K) 

Lattice  Parameter 

Reference 

5.00 

6.045  ;  0.002  A 

(2) 

78.00 

6.067  0.002  A 

(2) 

263. 15  ^ 

6.13  (kX) 

(3) 

173. 15  ■■ , 

.  6.079  (kX) 

■  (4) 

2.  2. 


Simon  has  also  measured  a  lattice  constant  but  his  figures  are  usually  hot  quoted. 

Brauer  has  found  that  oxygen  contamination  increases  the  lattice  parameters  to  6.086  kX 
from  the  6. 079  kX  value  at  173. 15  K.  The  level  of  oxygen  was  not  determined. 

Electronic  Structure.  Radii  and  Related  Properties 

The  cesium  ion  (C^'*’)  has  the  electronic  configuration  of  xenon  and  the  atom  (Cg)  Has  the 
outer  electron  in  6s'  state.  The  first  ionization  potential  is  3. 87  volts  and  the  second  is  2.3.  4 
volts. 


'The  staiidard  oxidation  potential  of  Cs  is  2.923  volts. 
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The  electron  work  functions  are  given  below:  (these  all  refer  to  soUd  crystalline  cesium) 


^  (e-v. 
1.81 
1,90 
1.96 
1.93 


Technique 

Thermionic  Work  Function 
Photoelectric  Work  Function 
Photoelectric  Work  Function 
Photoelectric  Work  Function 


Reference 

(8) 

(9) 

(10) 
(11) 


The  work  function  of  liquid  cesium  is  believed  to  lie  between  1.6  -  1.8  e.v.  Work  functions 

V> 

of  cesiated  surfaces  can  assume  a  variety  of  values  from  about  1.4  to  4. 5  e.v.  depending  on 
the  substrate  work  function,  substrate  temperature,  and  cesium  pressure.  Ref^erences  11- 
13  should  be  consulted  for  some  of  the  detailed  information  on  the  properties  of  cesiated 
substrates. 


The  atomic  radius  of  a  cesium  atom  is  2.62  A.  The  normal  covalent,  single  bond  radius  is 

o  ®  (15) 

quoted  as  2. 25  A. '  '  The  ionic  i.  dlus,  according  to  Goldschmidt  is  1.6S  A. 

3.  Thermodynamic  Properties  of  Cesium 

A  critical  evaluation  of  the  th,prmudynamic  Vopertles  of  cesium  in  solid,  liquid  and  gaseous 
has  been  recently  completed  at  the  University  of  California.  The  other  t>rlnclpal  sources 
of  critically  evaluated  data  are  those  of  Kelley,  Kelley  and  King^^^^  and  Stull  and  Slnke.  ^ 
The  more  recent  reference must  be  conaidered  to  be  the  most  reliable.  However,  there 
are  several  criticisms  th^t  can  be  leveled  at  this  work. 

a.  The  data  on  the  high  temperature  properties  of  cesium  developed  at  Aerojet-Nu¬ 
cleonics  was  not  Included  because  it  was  not  available  to  the  general  public  at 
the  time  of  evaluation; 


b.  The  above  probably  precluded  an  evaluation  of  Cs(g)  as  a  non- ideal  gas  (as  in  the 
case  of  Li,  Na,  K,  and  the  resulting. treatment  of  the  gas  as  being  composed 


of  Cs  and  Cs2  leaves  much  to  be  desired. 


Liquid  properties  are  estimated,  no  high  temperature  vapor  pressure  results  are  available. 

1/: 

High  temperature  P-V-T  data  are  completely  lacking.  Appraisal  of  the  vapor  pressure 
.  data’^  ^  has  shown  that  the  diatomic  species,,  as  expected,  increase  in  importance  as  the 

«  o  '*  . 

temperature  (preBsure)nis  raised.  At  298. 15  K  the  ratio  of  Cs  to  Cs2  Is  3. 32  x  10  '  while 
at  1000  K  it  is  9.6  X  10'^. 


(16) 


'W 
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(24) 

The  data  obtained  by  Aerojet- General  Nucleonics'  '  is  primarily  of  the  engineering  type 

by  contrast  to  more  basic  studies  upon  which  the  evaluation  of  R.  Hultgren  rests.  A 

general  appraisal  of  the  AGN  work  can  be  Obtained  from  the  similar  wrk  on  rubidium  re- 

(25) 

parted  in  an  unclassified  report.  '  ' 

‘)> 

The  main  contributions  of  the  AGN  work  are  in  the  following  areas; 

a.  Volumetric  data  on  the  liquid  cesium  at  low  pressures  (to  about  1  atm)  between  5(X} 
and  1270  F.  (532-960  K). 


b.  Vapor  pressure  from  1000  to  1800  F  (812  1255  K).  This  is  the  first  investigation  „ 
giving  the  pressure-temperature  relationship  considerably  above  the  normal  boil¬ 
ing  point  of  liquid  cesium. 

c.  Specific  heat  (C^)  of  liquid  cesium  between  500  and  1650  F  (532-1170  K). 

The  basic  thermodynamic  properties  are  tabulated  at  the  end  of  this  section.  These  are 
primarily  drawn  from  reference  16  and  reference  24. 

"  ''S 

There  is  no  data  on  the  critical  temperature,  pressure  or  volume  of  elemental  cesium.  Es¬ 
timates  indicate  that  the  critical  teij|iperature  lie.s  probably  in  the  range  of  1600-2000  K,  No 
serious  basis  can  lie  given  to  these  i^stimatcs  especialiy  to  those  (see  for  example  reference 
22)  which  have  not  been  developed  to  coyer  the  ca.se  of  liquid  metals.  The  paucity  of  data  on 

4  ■■  ■ 

the  critical  parameters  of  metals  (only  those  of  mercury  are  approximately  known)  hinders 

(20-23) 

the  development  of  confidence  for  these  estimates.  > 

Estimates  of  Critical  Parameters  for  Cesium 


T.  (’’K)  P„  (atm)  '  - .)  Reference 

gm-mole 


1760 

46.7 

900.7 

(20) 

1690 

-- 

" 

,  calculated  according  to  (21 

1625 

-- 

— 

calculated  according  to  (22 

2150 

— 

— 

(23),. 

2520 

-- 

-- 

calculated  from  ratio  of 

VTb..P. 

If  credence  can  be  ^ven  to  the  above  estimates  then  it  appears  that  the  experimental  deter- 
mipition  of  the  critical  parameters  of  cesium  is  potentially  feasible  with  existing  technology . 
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i) 

li  •• 


Temp. 

“K 

Cp  (24) 
cal 

Ht  -  (16) 

cal 

H.p  -  Hgt  (24) 
cal 

St  -  S^t  (16) 
cal 

gm  molc°K 

gm-  mole , 

gm-molo 

gm-mole°K 

700 

6.06 

(3570) 

3134 

(8.20) 

«00 

6.08 

(4330) 

3479 

(9.22) 

900 

6.24 

(5QSK)) 

4364 

(10.11) 

1000 

6.54 

(5850) 

5002 

(10.92) 

In  reference  16  the  heat  capacity  of  the  liquid  was  estimated  as  7.6  cal/gmOmole  °K.  TheW 
data  in  reference  24  showed  that  the  Cp  had  a  minimum  characteristic  of  all  alkali  metals 
that  have  been  studied  in  detail.  This  gives  rise  to  the  discrepancy  in  the  enthalpy  values, 
and  a  corresponding  one  in  the  entropy.  The  scatter  in  reference  24  precludes  any  firm  con¬ 
fidence  in  the  heat  capacity  values  but  it  represents  an  adequate  result  for  engineering  ap¬ 
plications  (actual  range  of  data  on  Cp  is  from  about  500  K  to  1230  K).  The  density  of  liquid 
cesium  is  shown  in  Figure  3  as  volume  per  gm-atum  us  a  function  of  temperature  (°K).  '  ^ 

The  authors  report  the  data  as  a  linear  function  of  temperature  while  Figure  3  constructed 
with  t|ifir  data-poiQ|8,4^vs  considerable  curvature.  Temperature  measurement  may  be  also 
suspect  as  liquid  cesium  was  studied  below  its  melting  point.  The  pycnometric  technique 
as  reported  proved  to  be  quite  troublesome  and  somewhat  unreliable.  Density  determined 
by  Andrade  and  Dobbs  does  not  extend  beyond  about  500  K,  the  results  generally  fail 
above  the  volumetric  curve  of  reference  24. 

The  following  is  a  summary  of  the  properties  for  gaseous  cesium  at  low  pressure’s,  the  spe¬ 
cific  heat  and  heat  content  must  be  considered  to  be  for  an  ideal  gas  at  1  atmosphere,  1.  e. 
the  ideal  properties  associated  with  infinite  attentuation  are  retained  at  1  atm. 

Cs  1/2  Cs2  Partial  Pressures  (atm) 


,T°K 

%-llst 

®T-®st 

HT-»8t 

®T'®Bt' 

Ill 

^^32 

298. 15 

0 

0.00 

0 

0.00 

1.23x10"® 

3.4x  10'^^ 

301.8 

18 

oM 

17 

0.06 

1.79X  10'®" 

5  .8  X  10"^^ 

400 

506 

1.50 

466 

1.34 

OC 

00 

< 

o 

1.83  X  10‘® 

500 

1003 

..  2,57 

926 

2.37 

2.51  X  10'^ 

9. 18  X  10''^ 

600 

1500 

3. 48 

1389  ' 

3.21 

4.73x10'^ 

5.23  V  10‘® 

700 

1996 

4.24 

1854 

„  3.93 

3.  74  X  10'^ 

8.85x10“^ 

T^K 

Cs 

«T-«st 

®T"®st 

1/2  Csg 
«T-«st 

^T-Sst 

Partial 

PS 

Prefesu^s  (atm) 

P‘^s2 

800 

2493 

4.91 

2323 

35.59 

0.172 

6.87  X  10’® 

900 

2990 

5.49 

2796 

35.94 

0.551 

3.23X  10‘2 

1000 

3487 

6.02 

3273 

36.28 

1.38 

0.109 
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D.  Binary  Systems  with  Cesium 

The  objective  of  this  section  is  not  to  present  an  exhaustive  discussion  on  all  the  possible  binary  sys¬ 
tems  but  to  limit  consideration  to  the  elements  encountered  in  the  emitters  investigated. 

YBg,  EuBg,  UC,  UCj,  (UC)g  g(ZrC)g  g,  ThC,  ThCg,  ZrC 
Consideration  is  also  given  to  other  elements  v/hich  may  occur  either  as  Impurities  in  the  cesium  or 
as  the  basic  materials  used  in  the  construction  of  test  apparatus  to  contain  cesium. 

1.  Cesium  -  Hydrogen 

The  solubility  limits  of  hydrogen  In  cesium  are  not  known.  CsH  is  known  to  exist  and  there 

<  (1-4) 

are  several  references  giving  the  preparative  techniques.  '  '  The  decomposition  reaction 


CsH(g)-.Cs(l)  +  l/2H2(g) 
e  studied  by  Hen 
composition  of  CsD. 


were  studied  by  Herold^^^  and  Hacksplll.  Hackspiil  has  also  studied  the  formation  and  de- 


The  decomposition  pressures  are  expressed  as  follows 
log  P  (torn)  =  ■■5529  +  11.79  (473-773  K) 


.(3) 


thus  P  °  1  atm  at  662  K. 


The  enthalpy  of  formation  for  CsH(c)  is  therefore  -13,500  cal  and  Its  entropy  is  about  10  e.u. 
(in  the  temperature  range  of  473-773  K).  The  data  of  Hackspiil  is  at  odds  with  that  of  Har¬ 
old.  The  results  of  this  work  show  All!  of  around  -20,000  calories  according  to  the  author" 
Critical  evaluation  heeds  to  be  performed  to  establish  the  reliability  of  these  investigations. 
Kelley  reports  the  entropy  S^gg  of  CsH(g)  as  51. 36  e.u.  (see  u).  CsH  is.an  ionic  solid 
(the  ions  are  considered  to  be  Cs'*'  and  H~).  Its  melting  point  is  above  823  K  and  the  material 
may  only  be  melted  under  high  pressures  of  hydrogen  as  seen  from  the  data  in  the  previous 
paragraphs.  The  crystals  of  CsH  are  white.  CsH  is  not  measurably  dissolved  by  Cs  up  to 
423  K.  This  may  Indicate  that  the  solubility  of  hydrogen  in  cesium  metal  is  low.  CsH  is 
highly  reactive.  The  reactions  are  generally  more  violent  than  for  Cs.  Exposure  to  air  .pro- 
duces  violent  reaction:  very  energetic  reactions  are  pbtained,  as  expected,  with  fluorine  and 
chlorine.  Water  is  decomposed  by  C9H  yielding  hydrogen;  alcoholates  are  formed  with  alco- 
hol'h.  Reaction  with  CO  yields  a  salt  of  the  formic  acid.  Undefined  "carbides"  are, formed 

with  acetylene.  E.  Zlntl  and  A.  Harder  have  determined  the  lattice  parameters  of  f.  c.  c. 
CsH. 
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a  =  6.  376  ±0.001  KX 

A  A 

Theoretical  density  is  3.42  gm/cm  ,  experimental  desnlty  is  3.41  g/cm^.  Structural  analy¬ 
sis  failed  to  give  a  definitive  results,;;  CsH  may  belong  to  the  B1  or  B3  type. 

l; 

Recent  work  on  low  work  function  materials  indicates  that  hydriding  of  cesium  will  decrease 
the  work  function  of  the  anode.  The  above  data  on  the  decomposition  of  CsH  indicates  that 
high  temperature,  low  work  function  anodes  (with  CsH)  cannot  be  maintained.  A  partial  pres.* 
sure  of  hydrogen  of  about  10  torr  is  necessary  to  prevent  CsH  decomposition  at  545  K  (anode 
temperature);  a  partial  pressure  of  1  torr  would  be  required  at  461  K. 

The  vapor  pressure  of  CsH  must  also  be  considered.  Latimer  has  presented  the  data  on 
C8H(g)<®^^  at  298.15  K. 

AF“  AH”  S° 

C8H(g)  29.0  kcal  24.3kcar  51.25 

The  vapor  pressure  equation  taking  Herold's  data  for  the  solid  can  be  written  as 

logjQP(atm)  =  +  9.02  ^ 

This  shows  that  the  vapor  pressure  will  reach  760  torr  at  1030  K.  At  545  K  and  461  K  the 
°  corresponding  vapor  pressure  will  be  7.6  x  10'^  torr  and  5.65  x  lO'^  torr.'^  (Cesium  vapor 
pressure  at  545  and  461  K  is  0.82  torr  and  0.048  torr)  . 

2.  Cesium  -  Boron 

The  solubility  of  cesium  in  boron  and  boron  in  cesium  is  not  quantitatively  known.  The  only 
>  reference  to  cesium  borides  is  in  the  monograph  of  Perelman.  "BorideB.6f  rubidium  and 
cesium  (MegB)  have  the  ability  of  combining  with  the  hydrides  of  the  same  metals  to  form 
quite  stable  borohydrides".  No  reference  is  made  to  the  original  source  of  work  on  cesium  .. 

_  borides  in  (5).  It  is," of  course,  well  known  that  CsB  H^  does  exist.  The  calculated  lat¬ 
tice  energy  is  150  kCal/gm  mole  and  the  enthalpy  of  fornnatlon  is  -63  kcal/gm  mole  at  298. 15K. 
Samsonov  does  not  mention  specifically  any  solubilities  or  compounds  in  the  Cs-B  system.  , 
His  discussion  on  other  alkali  metals  with  boron  is  noteworthy.  Early  work  by  Moissan 
indicated  that  boron  could  dissolve  3  to  6  per  cent  of  alkali  metals  (such  as  K).  Kroll's  work^^^^ 
led  that  Investigator  to  suspect  that  sodium  borides  existed  because  boron  could  contain  from 
3. 8  to  6. 4  per  cent  of  Na.„  Andrieux's  work^^^^  showed  that  mixed  (one- phase)  hexaborides 
could  be  produced  by  electrolysis.  A  typical  material  is  the  "hexaborides"  of  the  following 
composition:  (prepared  at  around  950  C)  ..  ^  « 

4v 
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23.6  per  cent  Ca  10  per  cent  Na  and  65.6  per  cent  B 

Bertaux  and  Blum  concluded  that  sodium  was  the  only  al/iali 
for  other  metals  in  hexaborides:  \  )) 


metal  that  could  substitute 


^**0.23^^0.77^6  57^*0. 43®6  } 

Investi^tions  of  Markovski  and  Kondrashev^*^,^  Indicated  that  boron  could  contain  from  2-6 
per  cent  of  Li.  Prolonged  leaching  with  acids  failed  to  remove  the  alkali  metai  from  boron^ 


The  above  infornmtion  leads  to  the  following  tentative  conclusions: 

a.  No  deflnitiely  established  phase  or  compound  in  the  Cs-B  system  is  known. 

b.  There  are  indications  that  cesium  could  dissolve  in  boron  under  special  conditions.  It 
is  doubtful  that  the  solubility  of  boron  in  cesium  is  appreciable. 

c.  Substitution  of  M  in  MBg  phases  by  cesium  is  a  possibility. 

Considering  the  volatility  of  cesium  it  is' very  unlikely  that  high  temperature  stable  phases 

.1.1 

will  be  found  in  the  Cs-B(^sfstem  unless  a  high  partial  pressure  of  Cs  is  maintained.  This 
partial  pressure  will  proljably  be  much  hig/(er  than  titat  encountered  in  thermionic  converters; 


3.  .  Cesium  '-  Yttrium  ■' 

No  data  exists  on  this  system.  In  fact,  there  is  a  remarkable  paucity  in  the  knowledge  of 
cesium  interactions  with  the  rare  earths  (including  yttrium  and  lanthanum).-  The  closest 
system  reported  is  that  of  Al-Cs.  It  is  reported  that  almost  complete  Immlscibillty 
exists  in  the  solid  and  liquid  phases.  Data  on  Al-Na  andAl-K  is  substantailly  the  same.  Sol¬ 
ubility  of  Na  in  Al(c)  is  very  low  —  of  the  oc,der  of  0. 002  w1  per  cent,  immiscibllity  i^^ always 
noted  in  the  liquid,  states.  Applic4l)ility  of  this  data  in  guessing  the  characteristics  of  the 
Cs-Y  system  is  difficult  because^!,  the  differences  in  crystal  structure  of  the  Group  3B 
metals:  A1  is  f.c.c.  and  yttrium  is  h.c.p. 


There  is  only  one  system  La-Na  which  has  been  studied  among  the  lanthanide  metal  -  alkall- 
metal  system.  This  was  studied  by  Mossenhausen.  '  '  This  work  is  very  inconclusive  due 

to  the  impure  lanthanum  used  (about  98  per  cent  purity)  and  difficulty  encountered  in  the  ex¬ 
amination  of  specimens.  It  is  tentatively  established  that  a  eutectic  exists  near  the  lanthanum- 
rich  sifie.  The  addition  of  sodium  to  lanthanum  was  observed  to  produce  very  exothermic  re¬ 
actions.  .This  could  lead  one  to  suspect  that  new  pha.ses  are  forpied  but  since  lanthanum  was 
very  impure  the  exothermic  chr.racteristics  could  be  evidence  of  reaction  with  impurities. 
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4.  Cesium  -  Europium 

No  data  exists  on  this  system.  The  discussion  in  the  preceeding  system  (Cs-Y)  is  applicable. 

6.  Cesium  -  Zirconium 

No  data  exists  on  the  phase  relationships  of  this  system.  The  data  in  the  Liquid  Metals 

/iCX 

Handbook '  indicates  that  zirconium  is  resistant  to  Na  and  K  to  about  600  C.  Higher  tem- 
pertiture  behavior  is  unknown,  however,  it  is  known  that  titanium  ceases  to  be  resistant  to 
alkali  metal  above  600  C  and  can  only  be  exposed  to  their  environment  for  short  periods  of 
time.  Similar  behavior  may  be  expected  for  Zr. 

6.  Cesium  -  Tantalum  \ 

-  I 

No  phase  diagrams  are  available  for  this  system.  Work'in  alkali  metals  shows  ttat 
tsmtalum  should  be  inert  to  these  materials.  Work  on  niobium  alloys  and  alkali  metals 

i|  ... 

again  points  to  the  probable  inertness  of  tantalum  with  alkali  metals.  Recent  reports  on  the 

tantalum  cathode  thermionic  converter  by  Wilson  shows  that  tantalum,  when  pure,  is 

very  stable  in  the  presence  of  cesium  vapor.  In  the  field  of  thermionic  energy  conversion  " 
*  « 
there  has  been  ample  evidence,  that  between  800  and  2200  C  no  cesium  attack  on  tantalum  oc- 

cures.  The  observed  attack  on  tantalum  as  reported  by  Sllvka  cannot  be  considejrpd  to 

"  be  definitive.  The  test  was  run  at  900  C  (281  hours).  The  mixed  bright  and  matte  surface 

and  pores  in  tantalum  may  Indicate  that  the  tantalum  specimen  was  impure. 

7.  Cesium  -  Iron  ...■ 

Hknsen  ^^^^  reports  that  cesium  does  not  attack  iron  at  690  C  and  that  cesium  is  not  soluble 
in  iron.  Judging  from  the  data  on  the  Na-Fe  iron  system  iron  should  be  soluble  in  cesium 
above  200  C.  It  may  be  expected  that  iron  solubility  will  be  of  the  order  of  0. 001  wt  per  cent 
at  that  temperature .  " 

8.  Cesium  -  Nickel 

No  phase  diagram  or  other  data  is  reported  by  Hansen.  In  reference  15  it  is  noted  that 

Ni  is  recommended  for  service  in  Na  and  K.  It  is  also  an  established  fact  that  Ni  dis- 

*' 

solves  in  alkali  metals  but  the  rate  of  dissolution  and  solubility  are  apparently  low.  It  can 
be  expected  that  the  behavior  of  nickel  is  not  vastly  different  from  that  of  iron  and  copper. 
Sllvka  noted  vapor  cesium  attack  on^nickel  at  900  C.  if 

9.  .  Cesium  -  Copper 

(131 

No  phase  diagrams  or  other  data  are  reported  by  Hansen.  ’  '  The  Liquid  Metals  H-B  re¬ 

ports  that  copper  is  considered  for  long  term  applications  in  Na  and  K  up  to  about  450  C, 
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.  ■'  .  !|  .  .  ■  ■ 

above  this  temperature  and  up  to  about  600  C  the  attack  by  liquid  alkali  metals  is  more  pro¬ 
nounced.  It  can  be  expected  that  similar  behavior  will  occur  with  cesium.  Slivka  reports 
cesium  vapor  attack  at  900  C.  Wilson's  experience  with  liquid  cesium  in  copper  at  around 
300  C  indicated  no  evidence  of  gross  attack  for  hundreds  o^|  hours.  No  check  on  solubility 
of  Cu  in  Cs  has  been  nude  to  dsyte  in  spite  of  the  fact  that  cLsium  pressures  in  thermionic  . 
diodes  are  usually  established  through  the  temperature  of  t  ne  cesium  reservoir,  and  the 
most  common  reservoir  material  bjts.been  copper.  Such  faith  in  vapor  pressure  control 
can  only  be  valid  if  the  snluldlity  of  copper  in  cesium  is  very  low„or  if  the  reservoir  temper¬ 
ature  is  low.  Errors  due  to  solubility  effects  may  be  larger  at  higher  temperatures. 

10.  Cesium  -  C^rbq^n 

Graphite  is  known  to  react  with  the  alkali  metals.  Cesium  attack  has  been  noticed  at 
this  laboratory^^nd  at  others.  Attack  on  some  carbides  has  been  noted  at  General  Atomic. 
Compound  formation  of  K.  Rl)  and  Cs  with  graphite  i.s  well  established.  Typical  com¬ 
pounds  are  CgM.  C24M.  C  ggM.  C^gM  and  CqqM.  (M  =  alkali  metal.)  These  compounds 
have  distinctive  color  usually  running  from  Itronze  to  l)lue  to  BTack  with  Increasing  carbon 
content.  At  ordinary  temperatures  these  compounds  are  stable  in  vacuo,  but  they  decom¬ 
pose  as  the  temperature  is  raised.  It  is  doubful  if  any  are  stable  above  500  C.  These  com¬ 
pounds  have  a  rather  typical  lammelar  structure^*®*  found  In  many  of  the  compounds  formed 
with  graphite.  From  the  disc.us.sion  in  reference  20  it  is  evident  that  the  alkali  metal  com* 
pounds  have  relatively  low  stability,  C^Cs  proliably  has  a  of  about  >4000  cal.'^gm-atom. 

It  is  doubful  if  any  of  the  compounds  have  a  AHj  lower  than  -50,000  cal/gm-atOm.  Herold^^*^ 
has  .studied  the  vapor  pressures  of  some  of  these  compounds.  He  reports  the  following: 

Cj^Cslo)  +  2  Cs(l) -•  3  CgCg  (c)  -  10.4  kcal,'gm-atom  Cs 

In  air  these  compounds  oxidize  readily  and  spontaneous  combustion  may  occur,  They  are 
relatively  inert  in  boiling  water  although  a  limited  amount  of  the  metal  can  be  leached  out  ' 
by  this  technique. 

An  interesting  interaction  exists  between  Cs  and  CO.  '  '  The  compound  Is  believed  to  have 
the  following  structure: 

O  ;  C  :  C  (OCj.)  C.s 

Thi.s  carlranyl  is  explosive  at  around  250  C.  If  oxygen  is  present  in  CO  the  following  yellow 
compound  is  formed:  „ 

■  ■  "  "  I 
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CsC  (:0)  C  (:0)  Cs 

Belozerskl  presents  a  good  summary  of  the  properties  of  cesium  carbonyl.  It  is  known 
that  cesium  absorbs  CO  readily  in'the  Interval  of  0-100  C  and  at  higher  temperatures  (upper 
llnhit  has  been  poorly  defined  in  reported  work) .  It  is  known  that  the  carbonyl  composition 
is  such  atat  Cs/CO  ratio  is  unity.  The  degree  of  "Polymerization"  of  the  carbonyl  is  not 
known.  However,  it  is  known  that  the  carbonyls  of  all  the  other  alkali  metals  are  "dimers" 
so  it  is  reasonable  to  suspect  that  cesium  carbonyl  is  [CsCO]^.  Cesium  carbonyl  is  a  dark 
blue  compound  which  is  easily  formed  by  an  exothermic  reactlci|i  of  CO  with  Cs.  The  heat  of 
formation  is  37.96  t  0. 52  kcal  per  Cs  atom.  It  is  stable  in  hydfbogen  up  to  250  C. 

11.  Cesium  -  Nitrogen^’  '  „ 

The  solubility  of  nitrogen  in  cesium  is  not  known.  It  is  well  established  that  CsN^  exists. 
The  material  decomposed  readily  at  around  340  C  to  form  Cs  and  Nq.  This  compound  has  ,, 
an  appreciable  vapor  pressure  and  it  dan  be  decomposed  in  vacuum.  '  '  RbNg  is  known  to 
decompose  first  to  Kb^N,  Since  Cs^N  has  been  reportei^^^^’  it  can  be  expected  that 

the  following  decomposition  steps  occur 

3  CsNgic) -CS3  N(c)  +  4  Ngig) 

CsgN-Cad)  +  l/2N2(g)  | 

CSjN  Is  gray- green  compound  melting  at  326  C  and  readily  decomposing  at  390  C.  It  is 

/\  o 

hygroscopic  and  decomposes  in  most  air  yielding  NH3.  It  is  stkble  in  hydrogen  and  dry  air  . 
at  room  temperature.  At  high  temperatures  hydrogen  replaces  the  nitrogen  with  the  forma¬ 
tion  of  the  hydride.  As  expected,  this  material  Is  very  reactive  with  elements  which  produce 
Stable  cesium  salts  such  as  chlorine,  fluorine  and  sulfur.  Dilute  acids  decompose  Cs^N  to 
form  gaseous  NH3.  CsN^  melts  at  314  C.  In  contrast  to  other  alkali  metal  azides  (with 
the  extieption  of  RbNj)  CsHj  is  not  explosive  under  impact.  This  azide  is  hygroscopic,  but 
dissolves  very  slowly  in  ethanol. 

12.  Cesium  -  Oxygen 

Cesium  forms  a  large  number  of  oxides,  '  '  The  following  have  been  Identified; 

Cs,^0,  CSj^O,  CS2O,  CSjOg,"  C8^(02)3,  CsOg,  CsOg 
The  solubility  limits  of  oxygen  In  cesium  is  still  unknown  although  the  existence  of  Cs,^0  in¬ 
dicates  a  limit  for  tempei^atures  below  276  K. 
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The  lowest  of  the  sub-nxides  Cs,jO  molts  at  276  K.  Thermodynamie  stability  of  this  oxide 
is  unknown.  The  x-ray  studios  have  tieen  unsucces.sful  in  clucidatintr  the  stnu-fnro  but  the 
pattern  is  quite  distinct  from  Cs  and.Cs^O.  '  Perelman''  does  not  aiknowledije  the  exist¬ 
ence  of  any  new  phase  between  Cs^O  and  CsjO.  Ilrauer  does  mention  Cs^^j^t  even  less  is 
known  alxiut  this  compound  than  in  the  case  of  Cs,yO.  Perelman  advanced  (he  hyjwthesis 
tliat  oxypen  can  be  taken  up  into  the  Cs^O  structure  and  this  may  result  in  the  '  intermediate" 
phases  such  as  Cs^O. 

CsgO  is  a  well  established  coni|K)und  with  a  relatively  hiph  meltinp  point  of  763  K.  CS2O  cry- 
'stallized  in  rhomlwhedral.  CdCl2  type  structure  with  the  followinp  parameters. 

a  =.  5.(15  l<X.y  =  93.92  Dm  - 4.60  p/cni^  M  2 
a  =6. 74  0=  36.93'  M  -1 

I'l 

The  thermochomical  stability  i.s  piven  in  reference  30.  The.sc  data  are  plven  below  for  CSjO 
and  the  hipher  oxides  at  298, 15  K. 


"  47 

S  (®.u.) 

CsgO  (c) 

••  -'"7^9 

-65.6 

(29.6) 

CsgOg  (c) 

-  96.2 

-78.2 

(28.2) 

CSgOg  (c) 

-111.2 

-86.0 

(28.  7) 

CS2O4  (c) 

-124.2 

-92.5 

\\ 

(31.2) 

The  data  on  AHj  is  piven  in  reference  5.  .  The  entropies  were  estimated  by  Latimer 

■  .  « 

from  which  AF  values  were  calculated.  CS2O  is  the  most  frequently  encountered  oxide  in 
the  case  of  excess  cesium  or  a  limited  availability  of  oxypen. 

CS2O2,  the  peroxide,  is  an  ionic  crystal  of  the  rhombic  class.-  very  little  is  known  about 
this  compound.  The  oxide  Cs202  Is  probably  formed  by  the  step-wise  oxidation  of  Cs. 
through  the  stages  of  CS2O2  and  08^(02)3  (or  CS2O3).  The  structure  of  Cs^Og'is  b.  c.  cu¬ 
bic  with  a  =  9.86  kX  M  =  4.  The  salt  is  dark  yellow  in  color  and  has  not  been  studied 
in  detail. 

y->  f  OA  37^ 

C.sOg  i.s  a  yellow  salt,  with  a  b.c.  tetragonal  structure  '  '  ' 

for  the  f.c.c.  unit  cell  a  '  6.28  kX,_c  =  7,20  kX  " 

c/a  =1.145  Dm  =  3.80  p/cm^ 
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An  earner  study  of  the  structure  of  this  compound  is  also  reported.  All  of  the  oxides 


(5) 


melt- 


of  cesium  react  with  water  to  from  CsOH-HjO.  This  monohydrate  Is  quite  stable, 

In^  at  180  C  and  decomposing  at  400  C.  . 

CsOg  is  reported  by  Perelman.  This  compound  is  stable  only  at  low  temperatures  (243- 
'253  K)  and  decomposes  readily  at  room  temperatures 


CsOg  -  CsOj  +  1/2  ©2  • 

CsO^  is  usually  observed  as  reddish  brown  crystals' 
mined. 

13.  Cesium  -  Uranium  % 


(5) 


II 

The  structure  t;^s  not  been  deter- 


14. 


No  data  exists  for  this  fjlystem.  The  only  system  that  could  be  counted  to  resemble  the  one 
of  interest  is  the  U-Na  liystem.  No  intermediate  phases  are  reported  in  this  system  at 
least  up  to  500  C.  The  solubility  of  U  in  liquid  Na  at  97. 8  C  was  found  to  be  between  0  and 
0.005  wt.  per  cent.  It  is  therefore  surmised  that  uranium  is  not  appreciably  soluble  in 
cesium  and  it  is  unlikely  that  stable  compounds  exist.  It  is  clear  that  there  is  a  need  for  ex¬ 
perimental  work  on  the  Cs-U  system. 

Cesium  -  Thorium 


(13) 


This  system  has  not  been  studied.  Na-Th  system  is  reported  by  Hansen.  '  '  It  is  claimed 
that  a  eutectic  ekists  (92  C)  at  the  sodium  rich  side  (3. 2  at.  per  cent).  A  phase  Na.Th  is 
claimed  to  exist  which  decomposes  peritectically  at  121  C.  The  exhaustive  studies  by  L.  R, 
Kelman  failed  to  uncover  this  behavior  of  the  Na-Th  system.  In  the  Interval  of  650- 
800 C  thorium  was  fovind  to  be  essentially  inert  to  sodium.  The  behavior  of  Th  is  therefore 
'  quite  close  to  that  of  U  with  Na.  Kelman's  results  must  be  considered  to  be  the  most  re¬ 
liable  at  this  time. 
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E.  Cesium  Compatibility  Test  Program 
1.  Objectives 

The  objective  of  this  program  was  to  make  a  screening  study  of  the  stability  of  selected 
thermionic  emitters  in  cesium  vapor.  The  materials  to  be  tested  were  as  follows: 

UC,  UCj,  (UC)  (Zr),  ZrC,  YBg  andEuBg 

The  main  objective  was  the  development  of  suitable  techniques  and  procedures  for  testing 
at  moderate  temperatures  which  would  serve  as  a  guide  to  high  temperature  testing  proce¬ 
dures  without  resorting  to  actual  construction  of  converters.  The  moderate  temperature . 
level  was  selected  as  aropnd  1000  C  and  the  high  temperature  objective  was  set  at  1700  C. 
The  cesium  pressure  was  set  between  2-10  torr  a^belng  representative  of  most  thermionic 
converters. 


2.  Design  of  Test  Chambers  for  Moderate  Temperatures  and  Experimental  Technique 

The  survey  of  alkali  metal  properties  a^d' corrosion  indicated  that  inconel  would  be  a  suit- 
!j  able  material  for  containment  of  cesium  vapor  up  to  1000  C.  It  was  further  noted  that  inconel 
would  afford  a  simplicity  of  operation  due  to  its  good  resistance  to  atmospheric  corrosion  at 
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“these  temperature  levels.  The  cooler  sections  of  the  test  chamber  <cuuld  be  constructed  of 
stainless  steel  type  304  although  type  304L  is  more  desirable.  Since  it  was  desirable  to  iso¬ 
late  the  specimens  from  each  other,  a  plate  and  ring  assembly  was  tL>ught  to  provide  physi- 
l^cal  separation  while  allowing  cesium  vapor  circulation.'  Tantalum  was, chosen  for  this  job 
)l  bec&i^se  of  its  known  inertness  to  cesium,  ease  of  fabrication  and  good  gettering  properties 

with  respect  to  oxygen  and  other  active  gases. 

/ 

Copper  (OFHC)  was  selected  tor  the  pinch-off  section  as  copper  was  deemed  to  be  the  most 
reliable  and  proven  material  in  cold  welding.  At  the  same  time  a  limited  amount  of  effort 
was  applied  to  check  pinch-off  techniques  on  nioliium  and  tantalum. 


A  photograph  of  the  components  is  given  In  Figure  4.  This  represents  the  components  In 
disassembly  prior  to  testing.  The  assembly  and  joining  of  the  test  chamber  involved  only 
welding  or  direct  fusion  lioiiding.  Hcllarc  welding  was  accomplished  on  SS  304  inconel,  and 
indbiiel-tu  SS304.  Copper  was  joined  to  stainless  steel  by  direct  fusion  of  the  copper  to  that 
material.  All  components  wer^leak  tested  as  assembled  so  that  certain  key  areas  undcr> 
went  several  consecutive  tests.  The  methods  of  fabrication  deliberately  skirted  the  use  of 
brazes  as  these  material  are  known' to  be  potentially  weak  links  as  far  as  vac-tightness  is 
CQ^cerned.  Many  brazes  develop  cracks,  grain  growth,  and  undergo  cesium  attack  (parti¬ 
cularly  those  liased  on  noble  metals). 

When  assembled,  all  the  components  were  scrupulously  cleaned  following  techniques  adopted 

by  the  electron  tube  Industry.  After  the  specimens  were  loaded  into  the  tantalum  chambers. 

the  chambers  were  assembled  and  placed  In  the  main  Inconel  chamber.  The  inconel  chamber 

was  welded  (heli-arc)  to  the  stainless  steel-copper- stainless  assembly  for  the  introduction 

of  cesium.  Before  the  introduction  of  the  cesium  ampoule  a  filter  made  of  tantalum  foil 

was  introduced  to  prevent  glass  particles  from  the  ampoule  to  be  Introduced  into  the  system, 

'  -6 

The  cesium  ampoule  was  then  introduced  and  the  system  was  pumped  down  to  about  10'  torr. 
Figure  5  shows  the  best  system  as  assembled.  During  the  pv|np  down  operation  the  assembly, 
with  the  exception  of  the  tube  holding  the  cesium  ampoule,  was  baked  out  ^t  600-700  C  for 
about  2  hours.  At  the  end  of  this  period  the  system  was  cooled  and  the  tube  ronlaining  the 
ampoule  was  pinched  and  lihe  glass  ampoule  crushed.  A  hot  air  blower  melted  the  cesium 
and  a  stream  of  helium  forced  the  liquid  metal  into  the  chamber.  The  copper  tube  was  then 
heated  with  the  same  air  blower  and  the  system  was  pumped  down.  The  copper  tube  was 
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pinched  off  using  a  pinch-ok  tool  similar  to  that  manufactured  by'^jCane.  Since  helium  was 
used  tu  force  the  liquid  metal  into  the  chamber  the  pinched-off  sy'kem  %as  susceptible  to  a 
leak  test  on  the  pinched  section  by  use  of  a  Veeco  MS-9  leak  detector.  This  test  showed  " 
that  the  system  was  tight.  After  this  check-out  the  copper  pinch-off  tube  was  nickel-plated 
to  prevent  its  oxidation  in  air.  "  .  '  ' 

The  cesium  test  chamber  wks  then  ready^^for  insertion  into  a  vertical  tube  furnace.  The  tube 
of  the  furnace  was  made  of  high  purity  alumina  with  a  rhodium  heating  element.  The  leng^th  of 
of  the  tube  was  16  inches,  the  tube  dlameter^'was  1-1/2  Inches.  Prior  tests  on  this  furnace 
were  carried  out  to  establish  a  constant  temperature  zone  (to  5  C)  and  the  power  levds  to 
operate  the  system  at  1000  C  (these  turned  out  to  be  0. 9  kw).  The  cesium  reservoir  was 
surrounded  by  a  massive  jacket  of  copper  which  served  to  even  out  the  tempej;atures  in  that 
section.  A  tape  heater  was  used  to  maintain  the  cesium  pool  at  a  constant  temperature .  The 
furnace  temperature  was  monitored  by  a  chromel-alumel  thermocouple,  the  same  was  used 
for  temperature  control  on  the  cesium  pool.  Tost  observations  showed  that  good  control  of 

•.V/ 

furnace  temperature  could  be  maintained  for  350  and  500  hour  periods.  Temperature  varla- 
tlon  never  exceeded  10  C.  The  temperature  of  the  cesium  pool  never  varied  more  than  2-3 

c. 

Upon  completion  of  the  test  period  the  chamber  was  cooled  and  then  placed  in  an  argon  dry- 
box  (Figure  6).  This  procedure  was  desirable  from  several  standpoints: 

a.  It  allowed  the  observation  of  specimens  as  they  appeared  after  the  test  and  definitely 
with  no  appreciable  levels  of  oxygen  in  the  atmosphere  during  examination. 

b.  It  established  unequivocally  the  presence  and  amount  of  cesium  metal,  and  the  ap¬ 
pearance  of  attack  if  any  on  the  internal  surfaces  of  the  test  chamber. 

Examinations  without  the  benefit  of  dry-boxes  is  undesirable  because  of  the  oxidation  of  ces¬ 
ium  and/or  its  decomposition  by  alcohols  frequently  obscures  and  confoimds  the  analysis  of 
results .  After  examinaUon  of  the  chamber  components  and  specimens  in  the  dry  box  the 
components  were  removed  under  mineral  oil  for  further  investigation.  The  residual  cesium 
was  removed  from  the  pellets  by  use  of  higher  alcohols  (butanol  used  with  care  is  quite  satis¬ 
factory).  The  components  and  specimens  were  then  analyzed  by  metallographic  and  x-ray 
techniques. 

u 
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'  Hlj^h  purily  (hestj^avaUaUk')  cesium  metal  was  used  in  the  experiments.  Dow  Chemical  was 
the  .supplier.  Examinatiim  of  other  sources  showed  that  the  Dow  material  could  be  rated  as 
high  as  any  on  the  market.  Furthermore,  the  use  of  this  material  was  recommended  by 

'V* 

technical  Air  Force  personnel  supervising  cesium  compatibility  test  programs.  Quantities 
qf  5  grams  of  cesium  metal  were  used  in  the  tests.  This  large  excess  was  considered  to  be 
desirable  since  any  di.ssolution  of  impurities  in  cesium  would  very  likely  have  a  stronger  ef- 
-feet  the  smaller  the  quantity  of  cesium  present  in  the  reservoir. 

\ 

3.  Observations  of  Test  jtf'sults  at^odera^e  Temperature  (1000  C) 

The  conditions  of  the  first  i<!St  were  as  follows:  |j 

ii 

a.  Test  I'hamber  (with  si)ecimen)  at  1000  C. 

c 

b.  Cesium  reservoir  leniperatiire  300  C.  ' 

c.  Duration  of  Ic.st  350  hours. 

The  materials  tested  were;  Yng.  YBg-Ta-1  (comiwsite  structure  designated  as  CS), 
YDg-Ta-2  (CS).  Yng-Mo(CS).  EuBg-Ta(CS).  UOg  and  YgOg.  The  boride  material?  were 
made  by  hot-pressing  the  comiwunds  in  the  form  of  powder  (-325  mesh)  in  a  vacuum  induc¬ 
tion  hot  pres.s.  The  conditions  of  pressing  usually  had  a  range  of  1500-2300  C  and  4000-6000 
psl.  UOg  was  also  a  hot  (iressed  specimen  of  iwwer /Reactor  grade  oxide  fuel.  YgOg  was 
hot-pres.sed  Into  a  pellet  from  the  oxide  powder.  It  Iras  decided  to  include  UOg  because  of  ' 
its  growing  importance  in  nuclear  thermionlcs  as  a  clad  fuel.  YgOj  was  considered  a  very 
promising  insulator  with  a  high  melting  point  and  kndjyvn  inertness  to  a  variety  of  environ-  . 
ments.  The  composite  boride- metal  structures  were  made  either  l)y  hot-pressmg  thp  Ixjfide 
powder  onto  a  metal  cup.  or  l)y  pressing  alternate  layers  of  boride  and  metal  powder. 

.  The  lest  procedures  have  been  described  in  the  previous  section.  It  was  possible  to  estal)- 
lish  that  liietalllc  cesium  oxisiod  throughout  the  lest  period.  A, large  amount  of  It  was  evi¬ 
dent  in  the  cesium  reservoir  and  as  a  coating  on  all  the  interior  comixvnent.s.  Nickel  plating 
"  •  of  the  copper  piheh-off  reservoir  was  appiirently  satisfactory  in  the  elimination  of  corrosion 
and  leakage  during  the  tent  period  at  300  C.  Metal lographic  and  visual  examination  showed 
no  noticealjle  attack  tin  the  interior  of  the  inconel  tube.  Considerable  corrosion  w'as  noted 

on  the  outside  of  the  tulie.  All  the  tantalum  specimen  chambers  wore  carinirizefl  to  TUgC 

%  ■  , 

and  TuC.  It  is  lielieved  that  the  carlion  source  was  the  stainlv.ss  steel  and  tanlaluin  servt-d 
a.s  a  sink  for  it.  Tlie  following  observations  . were  ni;tde; 
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Material 

Change  In  Wt. 

Co|iments 

YBe 

YBg-Ta-1 

-0.0064  gm  >  V 

>0.0024  gms 

l-S  '  ■' 

No  attack  (metallography  and  x-rays) 

Interfacial  separation  between  Ta  and 

YBg.  Ta  outer  surface  carburized,  YBg 

shows  no  attack. 

)) 

YBg-Ta-2 

0,0000  gms 

No  separation,  YBg  shows  no  attack.  Ta 

carburized  on  surface. 

YBg-Mo 

-0.0252  gms 

Separation  at  interface,  no  attack  on  YBg. 

EuBg-Ta 

-0.0028  gms 

EuBg  pressed  into  re-entrant  cup.  EuBg 

not  attacked.  Ta  surface  carburized 

(metallography  and  x-  rays) 

0 

D 

-0.0078 

Unaffected  by  cesium 

Y2O3 

Specimen  chipped 

in  handling. 

Unaffected  by  cesium 

Weight  losti  Of  gain  results  are  not  subject  to  unequivocal  interpretation  since  separation  of 
composite  materials,  carburization  and  cleaning  of  specimens  by  means  of  alcohol,  etc. 
may  have  affected  the  results.  Presence  of  V2O0  at  the  interfaces  of  failed  YBg-Ta  compo¬ 
sites  may  indicate  that  free  yttrium  metal  was  formed  during  pressing  and  subsequently 
oxidized  during  exposure  to  the  atmosphere.  Failure  during  the  test  is  due,  most  likely, 
to  thermal  expansion  mismatches  at  the  interfaces. 

The  main  conclusions  of  the  first  test  were: 

1.  YBg  and  EuBg  are  inert  to  cesium  vapor  (and  liquid)  at  1000  C  (2  torr  cesium  pres- 
^.sure)  for  a  period  of  350  hours. 

2.  The  same  applies  to  Y2O0  and  UOj. 

3.  Considerably  more  work  is  needed  to  produce  mechanically  stable  composites  of 
borides  and  refractory  metals.  Re-entrants  cup  design  showed  some  promise. 

The  procedures  developed  for  the  first  test  at  1000  C  were  followed  for  the  second  moderate 
temperature  test.  The  test  conditions  were: 
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I) 

Specimen  Temperature  1010  C 

Cesium  Pressure  10  torr 

-  Duration  500  hours 

The  use  ol  higher  cesium  pressure  required  a  higher  temperature  in  the  cesium  pool  (380  C). 
The  duration  of  the  run  exceeded  that  of  the  first  by  150  hours.  Only  carbides  and  one  boride 
were  exposed  in  this  test.  f 

Upon  termination  of  the  test  run,  it  was  observed  that  the  cesium  reservoir  had  experienced 
some  attack  as  the  surface  was  ^rkened.  Examination  in  the  dry  box  again  showed  the  pre¬ 
sence  of  elemental  cesium.  Some  of  the  tantalum  foil  had  the  appearance  of  oxidizing  attack 
and  was  found  to  be  brittle. 

Sectioning  of|the  copper  cesium  reservoir  tube  showed  that  no  gross  corrosion  occurred  and 
if  the  leak  o/pcWJrred  it  was  probably  via  a  grain  boundary  migration  of  oxygen  into  system 

II  /«>, 

where  the  nickel  platj^  "was  defective.  In  the  presence  of  refractqry  metals,  such  as  tan¬ 
talum,  the  cesium  oxide  if  formed  does  not  i|ave  a  chance  of  survival  since  the  affinity  of 

\t  ■■  - 

oxygen  for  tantalum  would  be  much  stronger.  It  appears  that  the  following  steps  occur  if 
an  oxygen  leak  is  present: 

a.  1/2  62  (atmospheres)  ->  0(ln  grain  boundaries,  probably  as  CU2O) 

b.  O  (ill  grain  boundaries)  +  Cb  -*  CS2O  (and  lower  oxides) 

c.  CS2O -f  Ta -•  Ta  (-fO  in  solution  or  as  oxide) 

+  2  Cs  ' 

It  is  clear  that  an  emitter  material  couldfunctlon  just  as  effectively  as  a  gettering  agent  in¬ 
stead  of  tantalum.  '' 

In  the  second  test  the  following  materials  were  tested:  UC,  UC2,  (UC)  (ZrC),  and  ZrC  (a 
specimen^^f  YBg  in  the  form  of  YBg  bonded  on  tantalum  with  a  tungsten  wire  imbedded  in  the 
YBg  matrix  was  also  tested) .  The  carbides  were  hot  pressed  pellets  produced  in  much  the 
same  way  as  tjie  borides  in  the  first  experimental  test.  Upon  completion  of  the  test  it  was 
found  that  all  the  carbides  were  either  reduced  to  a  powder  or  broke  into  pieces.  This  cir¬ 
cumstance  again  pointed  to  oxygen  as  the  culprit.  All  the, tantalum  specimen  chambers  were 
lined  with  tungsten  which  was  embrittled  after  the  test.  The  starting  materials  wei:e  all  - 
characterized  before  the  test.  UC  material  was  single  phase,  UC2  contained  some  UC.  (UC) 
(ZrC)  was  single  phase  as  was  ZrC.  Density  range  was  between  80-92  per  centf'of 

'1 

'  i  i  t  (' 


"'ii 


1 
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)t'heo](Wtlcal.  Disintegration  of  the  carbides  precluded  a  coth|ikrison  of  weights  before  and 
/  after  the  test  and  precluded  most  of  the  metallographic  examinations. 

,  "  V 

X-ray  analy8i8''confirmed  oxidalion  as  a  result  of  a  small  leak  that  must  liave  developed  dur¬ 
ing  the  test, 


Material 

- ') 

VC 

m 

ZrC 

UC-ZrC 

YBg  +  W 

(on  Ta  substrate) 


X-Ray  Results 

\v  //' 

Partially  oxidized  to  UO2,  UC  present 

Partially  oxidized  to  UO2,  UC  present 

Single  phase  .ZrC 

Evidence  of  oxidation 

YB^,  YBg  and  tungsten  borides.  No 

evidence  of  oxide  or  borates. 


S. 


Only  the  boride  showed  no  evident  attack  as  a  result  of  the  test.  The  results  of  test  showed 
that  the  relliablllty  of  the  nickel  plating  procedure  used  in  this  study  was  poor,  ApfAren 
the  (0-15  mil)  plate  had  defects  which  permitted  oxygen  diffusion.  Alternatives  for  the  co^ 
rectlon  of  this  fault  are: 


a.  Development  of  reliable  plating  techniques.  -a 

b.  Development  of  stainless  steel  pinch  offs  or  nickel  pinch  off  techniques. 

c.  Operation  of  the  system  under  inert  gas  or, in  vacuum. 

Alternative  (1)  speaks  for  Itself,  It  is  true  that  technique  used  have  not  been  tested  for  ex¬ 
pected  reliability,  i.e.  statistics  are  lacking  on  the  present  procedure  but  it  is  known  that 
good  plating  was  achieved  in  a  large  nuipber  of  instances.  Alternative  (2)  was  not  pursued 
to  any  appreciable  extent  but  it  is  known  that  the  reliability  of  pinch-offs  in  stainless  steel 
and  nickel  are  lower  than  that  for  copper;  the  main  effort,  which  was  small.  In  the°area  of 
pinch-off  techniques  was  concentrated  on  niobium  and  tantalum  and  the  latter  was  foimd  to 
be  very  successful.  Alternative  (3)  was  not  possible  due  to  the  lack  of  availability  of  fur¬ 
nace  space  in  the  vacuum  furnaces  on  the  site  and  the  need  for  extensive  modification  of  these 
furnaces.  It  is  also  evident  that  the  success  of  the  first  test  was  somewhat  misleading  and  did 
not  encourage  a  more  extensive  effort  to  render  the  testing  procedure  more  reliable. 
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4.  Development  of  Testing  Procedure  for  Hi^h  Temperatures 

The  principal  change  suggested  by  high  temperature  testing  (1700  C)  was  in  the  choice  of 
material  for  the  main  test  chamber  which  was  made  of  inconel  for  the  moderate  temperahire 
test.  From  the  standpoint  of  strength,  fabricablllty,  availability,  and  resistance  to  cesium 
tantalum  was  chosen  as  the  material  of  construction.  The  success  of  tantalum  piiich-offs 
suggested  the  construction  of  the  whole  system  out  of  tantalum.  This  was  accomplished  using 
commercial  grade  of  tantalum  (Fansteel)  for  the* components  required  the  development  of 
welding  techniques  for  the  particular  configuration  in  the  laboratory  where  the  assembly  had 
to  be  accomplished.  This  was  successfully  accomplished.  The  handling  qj!  all  the  mater¬ 
ials.  assembly  and  welding  were  done  in  the  argon  dry  box  so  that  the  exposure  to  the  at¬ 
mospheric  conditions^was  mininnal.  The  details  of  the  test  system  were  analogous  to  those 
used  lor  moderate  temperature  testing.  Tungsten  lining.jMas  again  us€d‘ln-the“indtvtaaal‘"^‘“ 
tantalum  specimen  chambers.  Again  no  brazing  and  only  welding  was  used  in  joining  the 
component  parts.  The  procedures  followed  in  the  pre-test  procedure  were  similar  to  those 
already  described. 

The  use  of  tantalum  naturally  precluded  running  the  system  in  air.  The  test  system  was 
placed  in  an  alumina  tube  with  vac-tight  water-cooled  brass  fittings  at  the  ends.  Argon 
was  allowed  to  bleed  through  the  system  via  the  brass  fittings  and  through  an  oil  trap  at  the 
exit.  The  top  fitting  was  equipped  with  a  sight  glass  and  prism  for  optical  pyrometry  through 
six  tantalum  radiation  shields  at  the  top  of  the  assembly.  The  bottom  had  an  accommoda¬ 
tion  for  thermocouple  monltqring  of  the  cesium  pool.  Radiation  shields  v.'ere  also  placed  at 
the  bottom  section  to  protect  the  cesium  pool.  Mock-up  experiments  established  the  geom¬ 
etry  and  conditions  for  nnaintainlng  the  desired  cesium  reservoi/temperature.  Prior  to 
this  a  new  furnace  supply  was  Installed  as  there  was  some  apprehansion  over  power  limita¬ 
tion.  Mock-up  and  actual  tests  showed  that  power  requirements  at  1700  C  were  more  than 
twice  that  at  1000  C . 


In  order  to  prevent  the  reaction  of  tantalum  with  alumina  a  molybdenum  sheet  lining  was 
placed  into  the  alumina  tube.  Mock-up  experiments  and  other  tests  shqwed  that  the  system 
was  sound.  The  test  was  Initiated  and  continued  for  about  115  hou^s  when  evidence  of  mal¬ 
function  was  noted.  The  test  period  to  at  least  98  hours  did  not  show  any  indication  of  mal¬ 
function.  It  was  observed  that  a  deposit  coated  the  sight  glass  and  that  an  extremely  large 
bleed  of  argon  was  necessary  for  the  system.  After  a  slow  cool-down,  it  was  observed 
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that  the  alumina  tube  had  developed  several  cracks  (3-4  inches  long)  in  the  central  portion 
of  the  tube  running  along  the  length' of  the  morganite  tube.  No  chemical'  reaction  in  this  por¬ 
tion  was  noted  so  that  the  cracking  could  not  be  blamed  on  solid  state  or  other  reactions. 

The  tantalum  tube  sections  of  th^est  system  opposite  the  cracks  were  severely  oxidized 

and  cracked.  All  the  specimens  w^e  oxidized  to  powder  product  and  the  test  results  were 

\  Jr 

therefore  lost.  The  weld  sections  of  tantalum  which  were  away  from  the  cracked  section  of 

the  alumina  tube  were  Intact  and  in  good  condition.  The  experience  of  this  test  strongly 
gests  the  use  of  specially  designed  vacuum  furnaces  for  the  accomplishi||ient  of  high  tempera¬ 
ture  cesium  cuiiipatibility  teats  because  the  reliability  uf  teat  ayateni  w(|uld  be  much  higher. 
At  present  there  Is  every  indication  that  the  tantalum  test  chamber  system  developed  here 
would  function  adequately  ifl^ajvacuuin  furnace  wlthjefractory  metal  heating  element - 
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Figure  4.  VIEW  OF  COMPONENTS  OF  THE  CESIUM |  COM^TIBILITY  CHAMBER 
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SECTION  VI  -  GRAIN  GROWTH  AND  MICROSTRUCTURAL  CHANGES  IN  REFRACTORY  THERMIONIC 
EMITTER  MATERIALS  A.  I.  Kaznoff 
J.  G.  Wilson 


SYMBOL  AND  nomenclature 


a  = 


"o 


P 

n 

D 

"o 

r 

V 


strength 

strength  of  100%  dense  material 
volume  fraction  porosity 
constant 
graln^^size 

_ _ _ 

«aea«aMa -^AcaAia  oAatV  '  ~  -  - 

average  interfacial  energy 
gram  atomic  volume^ 
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The  objective  of  this  study  was  the  determination  of  the  microstructural  changes  occurring  in  ther¬ 


mionic  emitter  materials.  The  refractory  compounds  studied  were; 


1. 

ZrC 

/> 

2. 

Uf-,ZrC 

f ) 

3. 

UC 

\ 

4. 

UCj 

\. 

/■  .  - 

5. 

x. 

^  —  — 

- 

6. 

\ 

Although  the  priory  objective  was  the  study  of  grain  growth  it  was  also  realized  that  other  Impor-  ^ 
tant  changes  ^an  occur,  e.g.  compositional  changes  due  to  sublimation,  development  or  dlsappek'r- 
ance  of  pliases,  and  develupinenl  of  porosity.  All  of  these  have  been  observed  on  at  least  one  of  the 
materials  studied.  The  extreme  temperatures  (180^12500  C)  used  in  this  study  were  imposed  by 
two  considerations: 

1.  High  temperatures  are  necessary  lor  the  efficient  performance  of  thermionic  converters. 

2.  High  temperatures  are  necessary  to  observe  changes  in  the  structure  of  the  material  with¬ 
in  reasonable  time.  Frequently  it  was  necessary  to  raise  the  temperature  above  that  which 
may  be  necessary  for  efficient  converter  operation  to  produce  measurable  changes  in  the 
microstructure  within  several, hours. 


There  are  several  reasons  why  grain  growth  is  a  vjry  imp;>rtant "consideration  in  emitter  materials. 
From  the  thermionic  standpoint,  it  is  well  knowpihat  the  "work  functipii' a  function  of  crystalline 
v^prlentatlon  of  the  surface,"  these  effects  have  been  investigated  primarily  on  refractoi^  metals.  The 
behavior  of  a  thermionic  device  could  be  markedly  different  if  the  grain  size  of  emitter  was  either 
small  compared  to  the  Inter- electrode  spacing  or  large  compared  to  the  spacing.  This  effect  is  true 
for  both  vacuum  and  cesiated  converters.  In  the  case  6fj)the  latter  it  also  is  a  well  known  fact  that 
cesium  absorption  is  also  a  function  of  crystal  orientation  (or  work  function) .  Experiments  to  date  - 
show  that  crystal  faces  with  high  v/ork  functions  absorb  cesium  mure  strongly  than  those  with  low 
work  functions. 

n 
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Grain  growth  can  infiuence  other  Important  properties.  Greater  strength  is  usually  associated  with 
fine-grained  materials  so  the  grain  growth  is  usually  deleterious  from  the  ^andpolnt  of  strengths 

This  observation  is  frequently  justified  by  invoking  the  concept  of  Griffith  n^oocracks  which  are 

N\  \ 

postulated  to  be  limited  to  the  grain  size.  Theoretically  the  fracture  stress  shoved  be  proportional 
to  the  square  root  of  the  grabi  size.  Grain  growth  which  is  to  be  expected  in  nucle^  thermionic  con¬ 
verters  will  be  at  least,  an  undesirable  effect  from  the  strength  and  modulus  of  ru^ur^  criteria. 


The  development  of  porosity  in  the  refractoryf4mitters  is  also  undesirable.  The  strength  of  a  cer- 
antic  material  showing  a  very  strong  dependence  on  porosity.  An  expression,  that  has  found  wide 
application,  showing  the  strength  decrease  due  to  porosity  can  be  written  as  follows: 


—  =  exp  (-nP) 

00 

where  oo=  the  strength  for  100  per  cent  dense  material 


P  =  the  volume  fraction  porosity 


7- 


n  a  constant  ranging  usually  from  4-7. 

A  10  per  cent  porosity  may  cause  the  strength  to  decrease  by  50  per  cent. 

>/  ' 

The  presence  (or  generation)  of  second  phases  also  leads  to  lowered  fracture  stresses.  This  fre¬ 
quently  occurs  because  boundary  stresses  are  set  up  as  a  result  of  different  thermal  expansion  co¬ 
efficients.  Equally  Important  is  of  course  the  dlsappearan^S^of  ss.cond  phases  or  the  redistribution 
of  the  phases. 

Theories  covering  normal  grain  growth  under  isothermal  conditions  have  been  formulated  and  pre¬ 
sented  by  several  authors.  GisnetijlyJ^  following  relationship  is  believed  to  hold: 

,D*  -  =  K  y  V  t 

when  D  and  are  the  final  and  Initial  average  grain  diameters  alter  a  time  t  of  exposure  in  an  iso¬ 
thermal  regime;  K  is  proportional  to  the  r^te  constant  for  grain  boundary  migration,  y  iAthe  average 
Interfaclal  energy  and  V  is  the  gram  atomic  volume.  The  temperature  behavior  of  K  is  expressed  as 

K  =  K„  exp  (-G/RT) 

where  is  a  constant,  G  is  the  "activation  energy",  R  the  gas  constant  and  T  is  the  absolute  tem¬ 
perature.  Actual  experimental  data  frequently  do  not  obey  the  above  expressions  and  empirical  fits 
are  obtained  by  use  of  equations  such  as 

D  =  Kt" 
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whei-e  n  Is  generally  lower  than  0. 5  (but  is  also  known  to  ej^Oeed  this  value) .  Thi^^  expression  is  (^ly 
'  suitable  if  the  foliy^ing  is  true  1; 


(S  P^ll  ■■ 
'IM" 


1.  e.  if  D  and  are  comparable  one  may  not  expect  to  ol>taln  a  suitable  fit.  It  is  also  not  unusual 
to  obtain  variable  values  for  dependent  on  T  and  in  principle  there  is  no  physical  requirement 
that  Kq  is  strictly  constant  over  a  temperature  internal.  One  of  the  most  important  variables^  that 
of  impurities,  particularly  in  the  grain  I'oundarfes,  is  extremely  difficult  to  control  especially  in  the 
less-developed  and  studied  ceramics  which  are  tile  subject  of  this  study. 


It  ISf.  thersfoie.^not  surprieing^^that  some  of  the  results  do  not  appear  to  follow  the  theories  and  semi- 
empirical  equations  that  are  found  to  be  highly  successful  in  pure  phases  and  especially  metals. 
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B.  Summary 

1.  Hot  pressed  ZrC  does  not  show  appreciable  grain  growth  below  2300  C.  Low  density  ZrC.. 
(n  65  per  cent  theoretical  density)  shows  very  Inhomogeneous  grain  growth.  At  2400  C 
sintering  is  observed  accompanied  by  very  rapid  growth.  High  density  ZrC  (92. 5  per  cent 
theoretical  density)  showed  a  lower  rate  of  grain  growth  which^f  olio  wed  a  recrystallization 
step.  The  temperature  range  of  2400-2500  C  was  studied.  Times  of  exposure  did  not  ex¬ 
ceed  12  hours. 

2.  Hot-pressed  (UC)  (ZrC)  showed  a  very  small  growth  rate  after  the  first  hour  at  2000  C.  A 

grain  size  of  about  10  microns  was  developed  after  16  hours.  I^s  postulated  that  grain 

boundary  impurities  inhibited  a  more  rapid  growth.  The  results  at  2200  C  show  a  much 

2  2 

more  rapid  growth  which  follows  the  theoretical. relationship  D  -  =  k  t.  The  equation 

obtained  shows  that  grain  size  of  32  and  324  microns  may  be  expected  after  10  and  1000 
hours  at  2200  C.  The  rapid  grain  growth  in  (UC)  (ZrC)  may  be  a  contributing  factor  to  the 
low  streng^)i  of  this  material.  "Blow- hole"  porosity  was  noted  particularly  near  the  sample 
edges  after  exposure  to  2200  C.  Maximum  time  of  exposure  was  16  hours. 
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3.  CJrani  in  hot-iiri;ssi'd  l)C  at  2000  and  2200  C  was  found  to  obey  ll\?  theoretical  relation 

ship  Dy“  k  t.  This  result  is  holievt^^  to  be  fortuitous.  More|^apid  grain  growth  was 
ob.served  at  .nid  n!'ar\'hi'  e.\j)UKcd  surfact;,  of  the  samplcc.  Evidence  of  pXsible  recrystalli-^ 
ration  was  noted  at  2i^0  C.  Grain  boundary  metallic  phases  were  observed.  In  a  100  hour, 
at  2000  C.  a  grain  size  of  375  microns  could  be  expected,  while  at  2200  C  a  size  of  3900  mi¬ 
crons  nwy  lie  expected  in  only  10  hours.  Maximum  time  of  exi»surc  was  §  hours. 

4.  No  kinetic  data  was  obtained  for  hot-pressed  UC^-  Nearly  all  of  the  microstructural  changes 
occurred  during  the  tirsi  hour  at  1800  and  2000  C.  Profuse  i\vlnning  and  highly  Irregular 
grain  Iwitndarlc:;  which  were  poorly  delineated,  were  observed.  Maximum  time  of  exposure 
was  16  hours, 

5.  noth  Eultj.  and  Yflj,  do  not  sIkiw  grain  growth  at  1900  C  within  10-20  hours  of  exposure.  EuBg 

grain  starl.s  to  grow  uppreclalily  at  2050  d.  The  growth  law  is  not  a  linear  one  with  respect 
2 

to  D  .  T**®!-**  t'l  2000  C  showed  tliat  Yflg  shows  grain  growth  at  thahdemperature.  Surface 
of  YIlp  specimens  liccome  coated  with  a  YB^  layer  while  the  interior  Is  free  of  YB^.  Large 
|)oruslty  incrca.so.s  were  noted  in  EuDg  and  YDg.  Both  EuBg  and  YBg  should  not  show  ap- 
(troclalile  grain  growth  in  the  temperature  range  1400-/1500  C.  This  range  is  considered  to 
be  the  practical  one  lor  these  materials  duo  to  their  high  sublimation  rates.  Maximum  time 
of  exposure  was  20  hours.  - 

6.  The  alxtve  results  apply  only  to  hot-pressed  materials,  gnd  the  results  are  largely  explora¬ 
tory  and  of  short  duration.  Further  tests  are  needed  to  verify  the  validity  of  relationships 
obtained  for  longer  periods  oif  exposure.  Effects  of  the  variables  of  purity  ahd  stoichiometry 

fi 

require  extensive  elucidation.  All  tests  were  thade  under  a  vacuum  pf  10'  torr  In  the  pre- 

.  sence  of  refractory  metal  getters,  the  results  could  be  modified  by  the'presence  of  cesium 

o 

vapor.  "  „ 

C .  Recommendations 

The  statements  made  in  this  section  are  arranged  in  the  order  of  decreasing  Importance.  The  eval¬ 
uation  of  the  priority  reflects  the  judgement  of  the  authors  which  may  ml  be  shared  by  other  Investi¬ 
gators. 

1.  Grain  growth  of  the  system  UC-ZrC  should  be  studied  in  greater  detail  over  conipusilipn 
and  temperature  ranges  of  Interest  in  thermionic  converters.  Strength  and  creep  proper¬ 
ties  must  be  established  along  with  thermal  shock  parameters.  The  importance  ol  this 
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study  eanuot  be  over-estimated  In  the  field  of  unclad  luei-eniitter  converters  although  the 
mechanical  properties  are  of  significance  even  for  metal- clad  emitters..  Preference  sh^iyld 
be  given  to  high  UC  content 'Alloys.  Effects  due  to  the  presence  of  clnd^material  a!\d  cesium 
should  also  be  investigated.  :t 

2.  The  same  applies  to  pure  UC  phase  although  the  extent  and  scope  of  work  is  muclfsmallcr. 


3.  Studies  on  ZrC  should  be  extended  to  obtain  definitive  kinetics  for  grain  growth  particularly 

ii  "  «  .  "  ' 

in  configurations  in  which  this  material  will  be  used.  Extension  of  work  on  ZrC  is  dependent 

on  the  advantages  this  material  nnay  have  as  an  emitter  over  metals. 

\, 

4.  No  further  work  Is  deemed  necessary  for  EuBg  and  YB^  until  an  unequivocal  recommenda- 

V-' 

tion  based  on  electron  emission  data  and  bonding  studies  of  YBg  to  thetal  substrates  can  be 
made. 


D.  Experimental  Procedure 


The  study  of  grain  growtit  and  related  metallurgical  factors  was  accomplished  by  isothermal  anneal¬ 
ing  of  test  specimens  at  elevated  temperature.  Twq^'furnaces  were  used; 

Furnace  A,  A  tubular  (1  inch  diameter)  tantalum  resistance  furnace  shown  In  Figure  1. 

Furnace  B.  An  Induction  furnace  shown  in  Figure  2.  ' 

Both  furnaces  operate  under  vacuum  of  about  10‘®  tofr!  The  vacuum  is  obtained  with  the  help  of  a 
mechanical  pump,  diffusion  pump  and  a  nitrogen  trap.  The  temperature  was  monitored  means  of 
a  micro  pyrometer.  It  Is  estimated  that  the  temperature  was  known  to  better  than  2oh  and  that  the 
over-all  drift  o{  the  temperature  dpring  thp  test  periods  did  not' exceed  20  C.  The  tantalum  furnace 
(A)  had  an  upper  temperature  limit  of  2050  C  as  a  result  of  Its  power  supply  limitations.  The  indue- 

'V 

tlon  furnace  was  tested  up  to  2500  C  and  power  limitations  were  not  encountered  In  the  configuration 
used  In  these  studies.  Furnace  A  was  therefore  used  for  "low"  temperature  rqps  and  those  runs 
which  needed  long  exposure  while  furnace  B  was  used  in  the  "high"  temperature  range  fur  runs  that 

did  not  require  long  exposure.  Both  furnaces  were  characterised  by  very  low  thermal  impedance 

\  .•? 

and  B  had  a  lower  impedance  than  A.  Both  furnaces  contained  specimen  chambers  as  shown  in 
Figure  2;  these  were  made  of  tantalum  supported  in  a  boron  nitride  stand.  The  tantalum  chamber 
was  lined  with  tungsten.  Further  precautions  against  kolld  state  reactions  were  taken  for  the  Indi¬ 
vidual  materials;  Uranium  bearing  malerials  were  supported  on  expendable  specimens  of  the  same 

r  "  “ 

material  which  in  turn  rested  on  zirconium  carbide  which  was  in  contact  with  the  tungsten  lining. 
The  borides  rested  on  boride  specimens  in  contact  wJth  tungsten  lining.  ZrC  rested  directly  on  the 
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tungsten,  xjpcamlnatlon  of  the  surface  of  the  test  specimens  did  not  Indicate  solid  state  reactions  at 
the  interf^io  although  possible  vapor  phase  reactions  could  not  be  eliminated  or  controlled. 


The  specimen  environment  can  be  described  as  "reducing"  due  to  the  presence  of  metallic  components 

'V  ■■  i' 

opd  the  absence  of  any  oxidizing  media  in  the  forini  ra  oxides,  etc.  The  presence  of  heated  tantalum, 


especially  tantalum  radiation  shields  has  been  shown  to  be  very  effective  In  getterlng  oxygen  and 

A 

pther  active  components  In  the  residual  gases  at  10'  torr. 

fhe  reducing  atmosphere  maintained  in  the  tests  comes  close  to  representing  the  condition  existing 
In  thermionic  devices  except  for  the  absence  of  cesium  at  a  few  torr  pressure.  The  absence  of  ces¬ 
ium  was  unavoidable  due  to  the  eTttreme  complications  that  would  arise  in  its  use.  The  presence  of 
ceslUHi,  of  course,  could  modify  tl^e  high  temperature  processes  In  refractory  materials  to  a  very 
considerable  ^extent.!  It  can  be  anticipated  that  sublimation  processes  could  be  reduced  perhaps  by 

N\ 

an  ord^r  or  ordY^'.,*)!  magnitude  depending  on  tl^  pressures  of  the  cesium,  work  function  of 

emitters,  and  the  proximity  of  condensation  sinks.  For  the  high  work  function  material  the  absorbed 


layer  or  layers  of  cesium  on  the  surface  and  the  capillary  condensation  In  the  cracks  could  Influence 
material  transport  in  much  the  same  way  as  liquids  do  In  sintering.  It  is  also  quite  conceivable  that 
reactions  with  celilum  could  occur  although  present  limited  Information  on  these  materials  does  not 
point  to  these  reactions.  „ 


It  is  also  Important  to  note  that  the  specimens  used  In  this  study  were  pellets  or  sections  of  pellets 
prepared  by  hot-pressing  In  graphite  dies  In  an  induction- heated  hot-press.  The  results  obtained 
undoubtedly  apply  to  these  compounds  only  if  they  are  prepared  in  a  similar  fashion. 


As  the  nature  of  this  study  was  . primarily  an  exploratory  one  it  was  not  possible  to  obta^  results  as 
^  a  function  of  starting  material  variables  (e.g.  fabrication,  purity,  etc.^. 


The  conditions  of  fabrication  are  given  In  the  table  below, p 
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Sample _ 

(UC)  (ZrC)  A-06 
UC  A-13 


Powder 
Mesh  Size 


Temperature  (°C) 


Normal 
Pressure  psi 


Density  % 
iheo  ret  leal 


In  the  following  paragraphs  the  starting  materials  are  described  briefly. 

ZrC  A-06  was  originally  pressed  into  a  1  inch  diameter  (1/4  inch  thick)  pellet,  Limitations  of  the 
hot  press  did  not  allow  the  use  of  su^i^clently  high  pressure  so  that  the  density  of  the  final  ma^rial 
was  quite  low.  The  material  was  single  phase  ZrC.  The  starting  grain  size  Was  less  than  4  microns 
ZrC  A- 25  and  ZrC  A- 24  was  originally  pressed  Into  1/2  inch  diameter  pellets  (3/17  inch  thick). 
Higher  pressure  and  the  smaller  diameter  of  the  die  produced  a  very  good  densification.  The 

material  was  single  phase  ZrC......  ‘C,_ 

.1,^  " 

(UC)  (ZrC)  A-08  was  single  phase  material  of  high  density  (about  90  per  cent  of  theoretical).  The 
same  description  applies  to  (UC)  (ZrC)  A-06. 

,  „  ■  ■  ^  ...  '  ■■  ■■  ■ 

UC  A-13  was  found  to  contain  a  very  minor  amount  of  UC2.  X-rays  showed  only  UC  lines.  Sbipe  UC2 

specimens  did  not  show  presence  of  UC  during  x-ray  examination.  Metallography  revealed  that  all" 
UC2  specimens  contained  some  UC.  UC2  A-01  contained  the  least  amount  of  UC. 

EuBg  specimens  were  all  single  phase  samples. 

YB0  A- 19  was  found  to  have  a  very  minor  amount  of  YB^.  As  YBg  was  expected  to  sublime  and  form 
YB^  as  a  result  of  boron  loss  this  sample  was  considered  to  be  satisfactory  for  this  study  as  the  for¬ 
mation  of  YB^  Is  an  unavoidable  fact.^  « 
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The  method  of  testing  consisted  of  placing  the  throe  or  four  specimens  cut  from  the  pellet  into  th& 
furnaces.  After  a  set  period  of  time  a  sample  was  withdrawn  and  the  test  continued  until  the  next 
specimen  was  to  be  withdrawn.  The  specimens  were  then  examined  l)v  metallographic  techniques  at 
room  temperature.  No  direct  oliservations  at  temperature  were  made.  In  testing  only  one  particular 
material  was  loaded  into  the  furnace  to  prevent  cross  contamination  of  materials.  No  difficulties  " 
were  encountered  in  maintaining  the  vacuum  in  the  furnace  system,  although  the  UC-bearlng  samples 

did  show  de-gassing  initially.  Temperatures  were  achieved  quite  rapidly  on  heat-up  of  the  furnaces 

■  .  \\ 

because  of  the  low  heat  capacity  of  furnace  system.  Furnace  A  (tantalum  resistance  element)  could 
be  heated  to  1%0  C  in  less  than  10  minutes  and  the  cool  dpwn  cycle  to  room  temperature  was  of  the 
order  of  one  hour.  Furnace  O  (induction  heated)  could  be  brought  to  2500  C  In  less  than  a  minute  al¬ 
though  practicably  two  to  three  minutc.s  elapsed  in  this  process,  the  cool-down  to  room  temperature 
was  less  than  4S  minutes.  It  is  assumed  thiit  heating  and  cooling  period.swere  reasoiutbly  short  and 
the-test»are  therefore  considered  to  be  i.sotherinal. 

\  ■  ■  ■  . 

E.  Experimental  Observations 


1.  ZrC  -  The  following  tests  were  made  on  the  various  samples  of  this  material. 

...  Times  of  Isothermal 


Sample 

Temperature  ("C) 

Exposure  In  Hours 

ZrC  A- 06 

2000 

1 

ZrC  A- 06 

2000 

2 

ZrC  A- 06 

2000 

4 

ZrC  A-06 

2000 

12 

ZrC  A-06 

2200 

"  1 

ZrC  A-06 

2200 

..4 

ZrC  A-06  ..  1 

zim  )) 

9 

ZrC  A-06  |.. 

'■  2400 

1  ^ 

ZrC  A- 25 

2400 

w 

1 

ZrC  A- 25 

2400 

2 

ZrC  A- 25, 

2400 

' 

ZrC  A-25 

2500 

1 

ZrC  A-25 

2500 

2 

ZrC  A-25 

2500 

..  '-3 
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As  mentioned  previously.  ZrC  A-06  was  a  relatively  low  density  material.  The  starting 
material  showed  a  grain  size  smaller  than  4  microns.  The  starting  material  microstructure 
can  be  seen  in  Figure  3.  The  etching  reagent  used  was:  25  HjO,  25  HNOj,  3.5  ncetlc,  2-3  HF. 
A  light  repollsh  was  necessary  to  remove  the  gold  colored  stain  after  etching  lor  seven  se¬ 
conds.  The  results  of  exposures  at  2000  C  showed  that  negligible  grain  growth  occurred 
even  after  12  hours  test.  Crain  growth  washlghly  inhomogeneous.  Figure  4  shows  the 
sample  after  1  hour  exposure.  Ar.eas  of'  Incipient  grain  growth  are  seen  throughout  the  speci¬ 
men.  These  areas  are  quite  small  and  are  frequently  associated  with  large  pores  as  can  be 
seen  In  Figure  4.  There^ere  also  some  areas  where  clumps  of  larger  grains  were  observed 
which  leads  one  to  suspect  ttat  aMeiat.«)mot.th6  gppaT6nt  pores j;immed‘’A>ith  iarge«^ 
grains  were  pull-outs  made  In  polishing.  The  maximum  grain  size  seen  was  9. 5  microns 
while  th^lQulk  of  the  specimen  remained  essentially  unchanged  (~4  micron  grain  size). 

Figure  5  shows  the  same  material  alter  2  hours  at  2000  C.  Again  the  large  grains  rimming 
a  pore  can  be  noted;  the  average  grain  size  remained  in  4-5  micron  range.  Largest'  grain 
seen  viras  15. 4  microns  a^d  was  npt' associated  with  a  pore.  Figure  6  shows  the  sample  after 
4  hours  of  exposure.  No  dr^tlc  changes  had  occurred.  Figure  7  shows  the  sample  after 
ISkhours  at  2000  C.  Even  for  this  duration  the  average  grain  size  remained  in  the  range 
of  4-5  microns.  No  appreciable  coarsening  of  the  voids  could  be  noted  when  the  starting 
material  was  compared  to  the  12  hour  specimen. 

Figure  8  shows  (UC)  (ZrC)  A-06  after  1  hour  at  2200  C.  The  grain  size  Is  less  than  5  mi- 

W  ■ 

ci^ns.  The  largest  grain  observed  was  about  9.mlcrons.  Figure  9  showa^he  microstruc- 

ture  after  4  hours  at  2200  C.  Most  of  the  grains  are  less  than  5  microns  but  some  around 
9  microns  are  visible.  More  Important,  there  is  some  densIflcatMh  of  the  ZrC  areas  and  " 
the  voids  are  larger.  Figure  10  shows  the  specimen  after  9' hours  at  2200  C.  This  was  the 
first  indication  of  clear-cut  grain  growth;  most  of  the  grains  ranged  between  5-10  microns 
while  large  one|  of  about  IS  microns  were  also  observed.  Comparison  with  Figure  3,  the 
starting  material,  clearly  shows  the  larger  grains,  the  densiflcation  of  ZrC  regions  and  the 
resulting  large  voids. 

A  further  test  was  made  for  1  hour  at  2400  C  on  this  material,  ZrC  A-06.  The  specimen 
showed  large  regions  of  "high"  density  in  a  "low"  density  matrix.  Figure  11  shows  the  "low" 
density  region  which  has  a  mean  intercept  grain  diameter  of  6.9  microns.  Figure  12  shows 
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u  "Ijigh"  density  region  whU'U  tos  a  mean  mte\^ccpt  urain  diameter  of  8. 9  microns.  Other 

''.I 

high  density  regions  showed  nviaan  grain  diameter  of  about  15  microns.  Cracks  separetlhg 
"low"  density  regions  from  those  of  "high"  density  regions  were. observed.  These  cracks 
were  intergranular.  It  appears  that  at  2400  C  the  low  density  materials  sinter  quite  rapidly. 


Further  tests  were  made  with  the  high  denslty'ZrC  samples  at  more  elevated  temperatures. 
The  starting  material  ZrC  A- 25.  is  seen  in  Figure  13.  The  mean  intercept  grain  diameter 
was  around  5.4  mlcrons.|  '^he  results  of  exposure  of  this  materlaHor  1.  2  and  3  hours  can 
be  soem^ljj^Figups^H,  15  and  16  respect'ively.  The  mean  intercept  grain  diameter  was  4,6. 


5. 1  and|S<i8  mlrrt)n^l'espe('tive|y^  Jt  appear  th[en.  that  recry stalllzation  was  occurring  in 
<the  \lfiitial  stages  of  (he  test,  prolubly  within  the  first  hour,  and  this  was  followed  by  the 
grov\^of  recry.stallizcd^ralns!'  After  thre^hburs  at  the  temperature  of  2400  C  the  smaller 
pores  (v'olds)  agglomerated  into  larger  ones:  this  effe.ct  was  not  significant  between  the 
samples  exiMsed  to  temperature  but  a  marked  difference  could  be  seen  between  the  Starting 
material  and  the  tested  spcelmcn.s  especially  in  the  "as  polished"  state  before  etching. 


.^.Figures  17,  18  and  19  show  the  mlcrostructurcs  of  ZrC  A-25  after  exposure  to  2500  C  for 

1.  2  and  3  hours  respectively.  It  is  ob.scrved  that  grain  size  (mean  Intercept  value)  change 
from  5.6  to  S.T  to  8.4  In  the  1,  2.  and  3  hour  test^i^i^eBpectivcly.  The  relatively  small  change 
In  the  first  hour  agalii  suggests  a  rcrrystallizatlon  process  during  the  initial  period  at  tem¬ 
perature.  Figure  20  is  the  graphical  representation  of  the  experimental  results  on  high 

//  ■■ 

density  ZrC  A-25  specimens  at  2400  C  and  2500  C.  The  results  at  2500  C  again  show  the 
disappearance  ol  small  pores  and  the  appearance  of  larger  voids.  It  is  interesting  to  note 
that  the  "low"  density  ZrC  A-06  specimen  had  larger  grains  after  one  hour  at  2400’C  than” 
any  of  the  specimens  of  ZrC  A-25,  even  Ibose  exposed  for  three  hours  (see  Figure  20). 

The  testing  of  all  ZrC  specimens  was  accomplished  in  the  induction  furnace  shown  in  Figure 

2. 

(Uc)  (ZrC)  -  Two  samples  of  (UC)  (ZrC)  used  in  this  study  were  very  close  in  their^f)ropcrtles 
which  is  a  result  of  almost  identical  fabrication  conditions  and  experience  with  this  carbide 

alloy.  The  starting  materials  were  very  difficult  to  etch  and  to  reveal  gra\i  boundaries  on 

n 

film.  In  fact,  even  those  exposed  to  2000  C  for  1  hour  were  difficult  to  etch.  The  starting 
material  had  a  grain  size  of  less  than  3  microns  and  the  density  ;vas  better  than  90  per  cent. 
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The  following  tests  were  made  on  (UC)  (ZrC).  H 


Sample 

Temperature  (°C) 

Tim^^  of  Isothermal 
Exposure  In  hours 

(UC)  (ZrC)  A-08 

2000 

1 

(UC)  (ZrC)  A- 08 

2000 

4 

(UC)  (ZrC)  A-08 

2000 

9 

(UC)  (ZrC)  A-08 

2000 

16 

(UC)  (ZrC)  A-06 

2200 

1 

(UC)  (ZrC)  A-06 

2200 

4 

(UC)  (ZrC)  A-06 

2200 

9 

"I 


Figure  21  shows  the  microstructure  of  (UC)  (ZrC)  A-08  after  1  hour  at  2000  C.  The  grain 

i  ■ 

nfze  had  more  than  doubled  to  7. 3  microns.  Figure  22  shows  a  specimen  held  for  2  hours 
at  2000  C.  The  relative  change  in  grain  size  Is  small  to  8.6  microns.  Figures  23  and  24 
show  the  mlcrostructures  for  9  and  16  hour  exposures  to  2000  C.  The  respective  mean  In* 
tercept  grain  diameters  were  9  and  10  microns.  This  heat  treatment  had  a  very  profound 
effect  on  the  etching  characteristics.  Samples  exposed  to  higher  temperature  were  easy  to 
etch,  while  longer  times  at  the  lower  temperature  were  needed  to  obtain  the  same  result. 
The  etcjp  used  was  identical  to  that  used  for  ZrC  except  that  immersion  was  typically  15-30 
seconds. 


Studies  on  (UC)  (ZrC)  A-06  showed  that  extremely  rapid  growth  occurred  at  2200  C.  The 
generally  observed  rapid  rate  of  grain  growth  of  (UC)  (ZrC)  at  2000  and  2300  C  may  contri¬ 
bute  to  Us  fragility.  Figure  25,  26  and  27  show  the  microstructure  of  (UC)  (ZrC)  A-06  after 
exposure  at  2200  C  fOr  periods  of  1,  4  and  9  hours  respectively.  The  mein  Intercept  grain 
diameter  Increased  to  16.9  microns,  20.4  microns  and  finally  to  30  microns,  after  expo¬ 
sures  of  1,  4  and  9  hours.  Very  large  single  grains  were  observed  In  all  samples;  the  largest 
grain  seen  after  1  hour  was  41  microns,  after  4  hours  55  microns,  and  after  9  hour  86  mi¬ 
crons  (it  should  not  be  Implied  that  the  same  large  grain  was  studied) .  Although  the  material 
studied  appeared  to  be  single  phase  by  x-  rays  and  metallography  at  (250K)  It  was  found  that 
a  very  fine  grain  boundary  precipitate  was  present,  as  observed  at  lOOQX,  after  4  hours  at 
2200  C  (see  Figure  28).  The  presence  of  the  precipitate  suggests  that  inhibiting  effects  could 
be  observed  in  grain  growth  particularly  at  the  lower  temperature.  Figure  29  shows  grain 
size  as  a  function  of  time  for  the  two  temperatures.  It  is  clear  that  the  growth  chaiacteristics 
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arc  different  at  the  two  temperatures  studied.  The  tests  at  JlOOd  r  show  a  .sharp  derrease 
in  growth  after,, the  first  Iwur  at  temperature.  This  may  be  accounted  by  the  accumulation 
of  the  precipitate  and  other  impurities  in  the  grain  boundaries.  At  2200  C  the  grain  size  to 
temperature  relationship  appears  to  be  close  to  the  parabolic  which  is  theoretically  predicted 
for  nornnal  grain  growth.  Figure  30  tests  the  parabolic  behavior  for  2000  C.  It  is  again  clear 
that  this  relationship  does  not  hold;  the  dashed  line  is  a  hypothetical  line  for  the  material  in 
the  absence  of  inhibitions  in  the  grain  iMundarles.  (The  functional  relationship  of.thls  hypo- 
'thetical  line  is  D  -D^  =  65  t  where  D  is  in  microns  and  t  is  in  hours).  Figure  31  shows  that 
behavior  at  2200  C  did  Indeed  follow  the  parabolic  law 

=  105  t  at  2200  C. 

Using  this  equation,  unci^r  the  assumption  that  the  relationship  is  valid  for  long  tlide  inter- 

W 

vlas.  one  may  gain  a  rough  appraisal  of  the  grain  of  this  material. 


Time  (hrs) 


100 

1000 


Grain  Size  (microns) 
3 

32 

102 

324 


The  above  table  shows  that  the  grain  size  of  (UC)  (ZrC)  could  become  very  large  ait.  high 
temperature.  Further  substantiation  is.  of  course,  necessary.  The  observation  that  nor' 
mal  grain  growth  occurs  at  2200  C  suggests  that  grain  boundary  impurities  may  be  more 
soluble  in  the  matrix  at  this  temperature.  No  appreciable  change  in  porosity  was  noted 
except  the  disappearance  of  small  pores  and  the  growth  of  large  ones. 


The  data,  available  froiii.thls  study  is  too  meager  to  evaluate  a  meaningful  activation  energy. 
It  is  doubtful  If  the  activation  energy  exceeds  two  or  three  kilocalories  at  the  elevated  tem¬ 
peratures. 

All  the  tests  were  accomplished  in  the  induction  furnace  B  (Figure  2). 

3.  1^  -  The  starting  material,  as  mentioned  previously,  contained  some  traces  of  UCg,  the 

mean  Intercept  grain  diameter  was  found  to  be  29.4  microns.  Tlie  following  tests  were  ac- 

c 

compllshed  on  UC  A-13  samples. 


6-12 


Times  of  Isothermal 


Sample 

Temperature  C 

Exposure  in  Hours 

yc  A- 13 

2000 

1 

UC  A- 13 

2000 

2 

UC  A- 13 

2000 

«  4 

UC  A- 13 

2000 

6 

UC  A- 13 

2200 

1 

UCA-13 

2200 

2 

UC  A- 13 

2200 

4 

UCA-13 

2200 

6 

As  a  rhsult  of  tlie  exposure  of  1  hour  at  2000  C  the  UC2  was  absent  from  the  samples.  It  is 
believed  that  excess  carboh  was  volatilized  In  the  test  and  the  sample  was  homogenized. 

With  the  disappearance  of  the  UC2  very  minor  amounts  of  metallic  phase  appeared  in  the 
grain  boundaries.  The  presence  of  llie  meUllic  phase  may  be  the  result  of  reducing  condl- 
V.tions  existing  in  the  study.  This  could  result  by  vapor  phase  reactions.  It  is  unlikely  to 
have  occurredjjby  solid  transport  as  the  UC  specimens  rested  on  ZrC  which  in  turn  rested 
on  tungsten.  It  is  known  that  ZrC  is  a  goo^  barrier  for  solid  state  carbon  diffusion,  f’uf- 
^'thermo|e,  it  was  observed  that  grains  grew  much  faster  on  the  periphery  of  the  sample  than 
in  the  center  of  the  pellet.  This  may  be  partially  accounted  by  the  sublimation  clean-up  of 
the  grain  boundaries  on  the  outside  surface  of  the  specimen.  Figure  32  shows  UC  on  the 
outer  surfaces  of  the  speclmen.^  note  the  metalliq  phase  inclusions.  Figure  33  shows  the 
central  portion  of  the  pellet  which  was  all  one-phase  and  showed  practically  no  metallic 
phase  in  the  grain  boundaries.  The  grain  size  in  the  outer  surface  was  52.6  microns  while 
in  the  central  regions  it  was  14,2  microns.  Higher  porosity  was  noted  in  the  central  region. 
Figure  34  shows  the  microstructure  after  2  hours  at  2000  C.  The  mean  grain  diameter  is 
47,4  microns.  ^Sleglons  with  larger  grains  of  78  mllrons  were  again  observed.  After  4 
hours  the  amount  of  the  second  phase  increased.  Figure  35  shows  the  typical  appearance. 
Figure  36  shows  the  material  after  6  hours.  The  six- hour  sample  did  not  appear  to  have  as 
much  of  the  metallic  phase  as  the  previous  ones.  A  greater  amount  of  large  pores  were 
noted  but  fine  porosity  persisted.  In  effect,  two  grain  growths  were  noted;  a)  that  of  peri¬ 
pheral  grains  and  b)  that  of  the  internal  grains,  see  Figure  37.  Both  of  these  grain  sizes 

"  2 

were  plotted  parabolically,  l.e.  D  vs  time.  It  is  apparent  that  probably  some  recrystal¬ 
lization  occurred  in  the  interior  of  the  specimen  while  little  or  none  of  this  occii’rred  in  the 
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surface  laver  ticaiiis.  It  is  iKissilUe  thal  the  iiitoriial  stresses  and  deformed  regions  in  the 
interior  of  the  Iwt- pressed  nellet  were  tiuUe  different  (and  higher)  thitn  on  the  surface.  This 

■  ">  '  y:'  ^ 

may  have  pi-omotcd  a  recrystallization  in  the  interior  prior  to  normal  urain  jjipwth,  Doth  of 
the  (train  itrowth  plots\how  very  similar  siopes.  It  is  pi>s,sil)le  that  the  differences  of  im¬ 
purities  in  the  urain  luui^daries  may  l>e  a  con(ril)utin(t  factor.  The  following  appro.xlmate  ex-  ^ 
pressions  can  lie  ohtained  from  Fipuro  37. 

-  900  =  1730  t  for  surface'.jiiyer  giDiim. 

2 

D  -  200  -  1400  t  t measured  in  himrs  after  l.st  hour  for  interior  grains. 

••  '■ 

Thus,  in  a  hundred  hours  the  meau.graln  si/.e  of  atxjut  375  microns  can  be  obtained  even  In 
the  interior  of  the  .sample.  In  1000  hours  (lie  grain  size  may  be  as  1260  microns  provided 
the  above  relationship  holds  tnic  for  longer  periods  of  lime.  The  data  In  Figure  37  is  pri¬ 
marily'  (iNploratory  and  is  nut  a  liasis  fur  design  cunsideratiun.s.  especially  with  respect  to 
surface  layer  grains  where  consideralile  aml>l|{uity  exists  in  the  determination  of  represen-  , 
tatlv^^  grain  size. 

The  experimonls  til  2200  C  showed  a  very  large  increase  in  grain  growth.  During  the  Initial 
periods  large  amounts  of  motailiu  grain  lx>undai'y  material  were  noted  under  meUllographic 
conditions  at  rooip  temperature.  Figure  38  shows  a  typical  mlcrostrUcture.  "Blow-hole" 
porosity  was  noted  in  the  specimen  iKirlicularly  m  tKe'edgeb.  The  sample  for  2  hours  ex¬ 
posure  was  lost  in  metallography.  Figure  39  shows  the  typical  appearance  of  grain  after  4 
hours  at  2200  C.  The  specimen  after  8  hours  expo'^ure  showed  a  similar  structure  with 
some  unidentified  phase,  in  the  grain  boundaries  and  very  large  grains.  The  increased^'poros- 
ity  made  the  determination  of  grain  size  difficult  and  ambiguous  especially  for  higher . times 
of  exposure.  Figure  40  represents  a  very  rough  idea  about  the  grain  growth  in  UC  at  2200 
C.  Further  experiments  are  needed  to  establish  graln„growth  characteristics  in  a  definitive 
manner.  The  apijarent  growth  can  be  expressed  as 


D'  =  15000  t 


In  ten  hours  one  could  expect  grains  of  3900  microns. 


The  presence  of  grain  bouidary  phase.s  in  all  of  the  Bpecimens  indicates  that  the  apparent 
parabolic  growth  law  Is  obeyed^fortultously.  The  equations  and  plots  are  to  be  considered  as 
empirical  data.  The  present  data  is  too  meager  for  the  determination  of  activation  energy. 
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The  induction  furnace  B  was  used  in  tlie  UC  studies. 


UCq  -  The  following  tests  were  accomplished  on  UC2. 


Sample 

Temperature  "C 

Times  of  Isothermal 
Exposure  (Hours) 

ycA-oi  ' 

1800 

0,5 

UC  A-01  .. 

1800 

1,0 

UC  A-01 

1000 

4.0 

UC  A-01 

1800 

6.0 

UC  A-04 

2000 

0.25 

UC  A-04 

2000 

0.50 

UC  A-04 

2000 

1.0 

UC  A-04 

2000 

2.0 

UC  A- 02 

2000 

1.0 

UC  A71O2 

2000 

(i 

4.0 

UC  A- 02 

2000 

d.o 

UC  A- 02 

2000 

16.0 

il 


//  ’ 
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UC2  A-Ol  material  had  a  fairly  large  initial  grain  size  of  about  20. 1  micrbns.  UC2  A-04 
had  a  similar  grain  size  of  about  20  microns.  UC2  A>02  had  much  snnaller  grain  size  of 
about  6.7  microns  (see  Figure  41).  The  results  are,  of  course,  complicated  by  the  fact 
that  UC2  undergoes  a  high  temperature  phase  change  around  ^(800  C  from  cubic  to  the  tetra* 
gpnal  and  is  known  to  decompose  at  lower  temperatures  to  U2C2  and  C.  The  final  structures 
cpntain  a  very  large  amount  of  twins.  The  ^hapes  of  the  grains  are  highly  irregular  making 
grain  size  determination  very  difficult.  At  the  same  time  the  delineation  of  the  grain  bound¬ 
aries  is  very  obscure  ^iMtil  times.  A  finely  dispersed  phase,  probably  C,  Is  seen  in  all  the 
specimens  Indicating  that  some  decomposition  was  occurring  to  U2C3  +  C.  Figures  42,  43 
and  44  show  the  results  after  1/2,  1  and  6  hours.  Most  of  the  growth  Is  completed  In  the  first 
hour  and  Insignificant  changes  are  seen  lohtween  1  and  6  hours.  The  same  general  features 
are  observed  for  samples  of  UC2  A- 02.  tested  at  2000  C.  Regions  of  large  grain  size  were 
found  next  to  those  of  much  smaller  size  after  1  hour  of  exposure  (Figure  46).  The  result 
of  this  was  that  runs  for  longer  periods  reflected  these  initial  distributions  and  the  over-all 
trends  were  obscured.  Tests  for  shorter  increments  of  time  at  2000  C  gave  a  better  pic¬ 
ture  as  to  the  progressive  charges  in  Figures  47,  48,  49  and  50  show  the  results  after 


1/4,  1/2,  and  1  and  2  hours  respectively. 
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The  final  microstructure  of  UCg  Indlcatesthat  the  high  temperature  transformation  occurred 
for  all  of  the  samples  tested.  t. 

5.  EuBg  -  Two  sample  batches  were  used  for  the  studies  EuBg  A- 11  and  EuBg  A- 15  with  grain 
sizes  of  10. 8  and  12  microns  respfjctively  (see  Figures  51  and  52).  The  latter  batch  was 
considerably  more  ikense  (about  98  per  cent)  compared  to  former  (89  per  cent).  The  follow¬ 
ing  tests  were  made:  !|, 

Time  of  Isothermal 


Sample 

Temperature  '  C 

Exposure  (Hours) 

EuBg  A- 11 

1900 

1 

EuBg  A- 11 

1900 

4 

X  EuBg  A- 11 

■  1900  , 

20 

5 

EuBg  A-  IS 

2050 

1 

i 

EuBg  A- 15 

2050 

4 

i 

EuBg  A- IS 

2050 

9 

EuBg  A- IS 

2050  ■ 

16 

All  the  tests  were  run  in  the  resistance  furnact  A. 


Tests  at  1900  C  showed  that  no  appreciable  grain  growth  occurs  at  this  temperature  even 
after  20  hours  of  exposure.  Flt^iire  53  sbowe  the  material  after  maximum  exposure.  In¬ 
crease  in  pore  size  can  be  noted.  The  following  mean  intercept  grain  diameters  were  ob¬ 
tained  for  the  tests  at  1900  C . 

O  . 

Time  (hours)  Grain  Size  Microns 

0  12.8 

1  12.4 

,4  "  11.8 

20  11.5 

Thus,  no  grain  growth  occurred  within  the  error  of  the  technique  used  in  grain  size  deter¬ 
mination.  » 


Runs  at  2050  C  showed  appreciable  grain  growth.  Figure  54.  55.  56,  and  57  shows  the  ml- 
crostructure  after  1,  4,  9  and  16  hours  at  temperature.  The  grain  size  did  not  follow  the 
normal  theoretical  linear  behavior  of  D  vs  t  (time).  It  was  found  that  plotting  D  vs  t  on  „ 
log- log  plot  did  produce  a  straight  line.  Figure  59  is  the  plot  of  the  results  obtained  at  2050'Ct^^ 


\\ 
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It  must  be  emphasized  that  sublimation  losses  ol  KvjUg  are  quite  severe  at  these  tempera¬ 
tures  and  the  grain  gnitwth  studies  were  performed  considerably  above  the  temperatures 
that  EuDg  should  experience  as  a  thermionic  conveiter.  These  tempei'aiures  would  pro¬ 
bably  not  exceed  1400-1500  C  due  to  the  high  sublimation  losses.  The  study  therefore  shows 
that  no  appreciable  grain  growth  can  he  expected  for  EuBg  at  1400- 1500  C  provided  the  pre 
sencf)  of  cesium  will  not  produce  any  effect  on  the  grain  growth  mechanisms. 

YBg  -  The  YBg  starting  material  as  mentioned  previously  had  some  YB^.^  The  starting  grain 
size  was  around  11  microns.  Since  YBg,  like  KuBg,  does  not  show  unambiguous  grain  growth 
at  1900  C,  higher  temperatures  were  used  in  this  study. 


Sample 
YBg  A- 19 


Temperature  "C 
2000 
2000 
2000 
2UOU 


Time  of  Isothermal 
Exposure  (hours) 

1 

2 

4 

6 


All  the  tests  were  done  in  the  tantalum  resistance  furnace.  Figures  60,  61,  62  and  63 
show  the  mlcrdstructures  after  1.  2,  4  tmd  6  hours  at  tempeniture.  It  is  Interesting  to 
note  that  all  of  YB^  lias  left  leaving  only  YBg  jhere  Is  also  evidence  of  very  large  Increases 

.  '.i 

of  porosity  with  time.  After  six  hours  cracks  developed  In  the  grains  (see  Figure  63). 
Flgure^'^il  shows  a  75QX  micrograph  illustrating  the  cracks  In  YBg.  Very  little  grate  growth 
occurred  In  the  test  period.  12.9,  10,  14.4  and  14.4  microns  grain  size  was  noted  after 
1,  2,  4  and  6  hours.  The  above  results  are  applicable  to  the  Interior,  or  bulk  YBg.  Obser¬ 
vations  were  also  made  on  the  edge  developments  on  YBg,  Figure  65  shows  the  development 
of  the  YBg  layer  on  the  exposed  surface  and  the  YBg  phase  around  the  grain  near  the  exposed 
edge. 


The  YBg  layer  continue)!  to  irow  and  the  presence  of  YBg  around  grates  extended  deeper  into 
the  material  with  loi^r  periods  of  exposure.  Figure  66  shows  this  effect  for  a  sample  ex¬ 
posed  for  4  hours  at  2000  C.  These  effects  are  very  significant  as  these  represent  surface 
phenomena  which  are  till- Important  in  thermionic  emitters. 

As  in  the  case  of  EuBg  the  studies  on  YBg  indicate  that  little  grain  growth  can  be  expected 
In  vacuo  at  1400-1500  C.  This  temperature  range  is  the  practical  one  for  YBg  due  to  large 
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sublimation  losses  at  high  temperature.  The  results  at  higher  temperatures  show  acceler¬ 
ated  effects,  i.e.  YB^  surface  layers  will  develop  at  both  low  and  high  teimperature  but  they 
do  so  rapidly  at  elevated  temj^eratures. 


Specific  comparison  of  the  data  presented  with  that  of  other  investigators  is  reserved  for  the 
future  publication  of  these  results. 


i) 
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Figure  3.  ZrC  A-06  (250X)  ETCHED 
(250X)  STARTING  MATERIAL  (4904) 


Figure  4.  ZrC  A-06  (250X)  ETCHED 
(250X)  IHOUR  AT  2000“ C  (4719) 
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Figur*  7.  ZrC  A-06  12 HOURS  AT  2000°C  (4743)  (250X) 


Figure  8.  Zr  A-06  1HOUR  AT  2200®C  (4793)  (2S0X) 
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Figure  13.  ZrC  A-25  STARTING  MATERIAL  (5074)  (250X) 


Figure  14.  ZrC  A-25  1  HOUR  AT  2400°C  (5196)  (250X) 
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Figuf^k  19.  Zr9A.25  3  HOURS  AT  2500<^C  (5207)  (250X) 


V 


-Tim*  in  Hour#/ 

Figure  20.  GRAiN  SIZE  IN  ZrC-A>25 
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Figure  23.  (UC)  (ZrC)  A-08  9  HOURS  AT  2000‘’C  (4920)  (250X) 


Figure  24.  (UC)  (ZrC)  A-08  16  HOURS  AT  2000°C  (4921)  (250X) 
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Figure  p .  (UC)  (ZrC)  A-06  9HOURS  AT  2200“C  (4866)  {250X) 


Figure  28.  (UC)(ZrC)  A-06  G.B.  PRECIIMTATE  AFTER 
4  H0URS  AT  2200°C  (4838)  (1000X) 
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Figure  31.  (UC)  (ZrC)  GRAIN  GROWTH 

•  A.  ■  ■  -  -'V 
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Figure  32.  UC  A-13  1  HOUR  AT  2000°C  (5009)  (250X) 


Figure  33.  UC  A-13  1  HOUR  AT  2000°C  (5010)  (250X) 
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Figure  34.  UC  A-13  2  HOURS  AT  2000°C  (5026)  (250X) 


Figure  35.  UC  A-13  4  HOURS  AT  2000°C  (5020)  (250X) 
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Figure  38.  UC  A-13  1  HOUR  AT  2200°C  (5060)  (250X) 


Figure  39.  UC  A-13  4  HOURS  AT  2200'^ C  (5180)  (250X) 
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Figure  41.  UC2  A-02  STARTING  MATERIAL  (4848)  (250X) 


Figure  42.  UCg  A-01  '/a  HOUR  AT  1800°C  {4937>(2'50X) 
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Figure  43.  UC2  A-01  1H0UR  AT  1800°C  (4934)  (250X) 


Figure  44.  UCgA-OI  6  HOURS  AT  1800'’C  (4962)  (250X) 


Figure  45.  UC2  A-02  1  HOUR  AT  2000° C  (4860)  (250X) 


Figure  46.  UC^  A-02  1  HOUR  AT  2000°C  (4898)  (250X) 
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Figure  47.  UCz  A-04  HOUR  AT  RQOO^C  (4960)  (250X) 


Figure  48.  UCg  A-04  '/i  HOUR  AT  2000°C  (4959)  (250X) 
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Figure  49.  UC2  A-04  1  HOUR  AT  2000»C  (4956)  (250X) 
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Figur«  51.  EuBg  A-11  STARTING  MATERIAL  (4798)  (250X) 

■ 
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Figure  52.  EuB^A-IS  STARTING  MATERIAL  (4994)  (250X) 
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Figura  S3.  EuBcA-ll  20  HOURS  AT  1900° G  iWSlO^)  (250X) 
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Figure  54.  EuBg  A-15  1  HOUR  AT  2050°C  (4895)  (250X) 
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Figure  65,  EDGE  OF  YB6A-19  4  HOURS  AT  20000C  (5090)  (250X) 
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SECTION  Vn  -  THERMAL  CYCLING  OF  SELECTED  THERMIONIC  EMITTER  MATERIALS  -  A.  I.  Kaznoff 
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VII.  THERMAL  CYCUNG  OF  SELECTED  THERMIONIC  EMITTER  MATERIALS  -  A.  I.  Kaznoff, 

A.  Introduction 

Thermionic  cathodes  are  generally  exposed  to  very  high  temperature  levels,  u  the  source  oi  heat 

«  -■  V..  -  - 

Is  a  nuclear  fuel  or  even  if  fossil  fuel  is  used,  It  is  evident  that  high  heating  rates  qan  and  will  be  en¬ 
countered  by  the  emitter  materials  in  the  start-up  operation,  change  of  power  level,  or  excursions  of 
the  system  supplying  the  thermal  power.  It  is  for  these  reasons  that  thermal  cycling- Information  is 
necessary  since  the  stresses  set  up  by  the  heating  and  cooling  may  cause  the  mechanical  failure  of  the 
emitter  body. 


I 


There  is  a  general  paucity  of  data  on  thermal  stress  resistance  of  the  materials  studied.  Their 
elastic-plastic  behavior  Is  poorly  known,  their  coefficients  of  therngil  expansion  at  elevated  temper¬ 
ature  are  not  known,  and  their  thermal  emission  is  poorly  ascertained,  thus,  the  determination  of 
thermal  shock  parameters  for  UC,  UC2.  ZrC,  (UC)  (ZrC),  Y&g  and  EuBg  presents  a  very  large  and 
difficult  task.  It  was.  nevertheless,  interesting  to  determine  the  stability  of  these  materials  when 
subjected  to  theriiuil  cycling  and  note  the  qualitative  and  seml-quantltatlve,.  differences 'In  these  mater¬ 
ials  in  order  to  gauge  their  potential  as  thermionic  emitters  and  to  ascertain  the  problems  that  can 
arise  in  their  use. 

This  report  is  concerned  with  results  of  thermal  cycling  testing  performed  on, the  above  materials. 
The  specimens  were  subjected  to  the  same  test  conditions.  The  materials  were  all  prepared  by  hot- 
pressing  powdered  compounds  at  this  laboratory  and  the  results  must  be  construed  to  be  valid  only 
for  the  conditions  similar  to  the  ones  maintained  and  for  the  materials  prepared  and  processed  by 
dhe  particular  technique  described  in  this  report. 

B.  Summary 

1.  Hot-prOss^^rC  samples  proved  to  be  stable  in  thermal  cycling  experiments  between  about 
500  and  2000  C  for  50  cycles  with  a  cycle  period  of  2  minutes. 

2.  The  same  results  were  observed  with  hot- pressed  "YBg"  with  the  exception  that  the  upper 
temperature  was  1700  C.  The  presence  of  YD^  apparently  had  no  deleterious  effects. 

3.  Hot-Tpressed  ^uBg  lasted  an  average  of  35  cycles  (maximum  temperature  1700  G).  Two  of 

the  four  specimens  tested  survived  the  full  50  cycle  test.  An  apparent  correlation  with  den- 
sity ..of  the  material  was  noted;  specimens  of  the  highest  density  are  desirable.  The  fact  that 
some  specimens  did  survive  the  full  test  indicates  that  further  development  and  control  of 
variables  Should, lead  to  EuBg  resistant, to  thernjgl  cycling.  ’* 
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4.  Hot-pressed  UC  did  not  show  ttood  resistance  to  cycling  and  the  results  siiow  considerable 
scatter.  Three  of  the  four  sample  tests  did  not  last  for  over  3  cycles.  Identical  test  sam¬ 
ples,  from  the  same  batch  of  fabricated  material,  showed  divergent  resujits:  one  lasted  the 
full  50  cycles  (2000  C  max),  the  other  only  3  cycles.  A  very  large  amount  of  work  needs  to 
be  done  on  UC  to  ascertain  the  conditions  necessary  to  obtain  the  material  resistant  to  ther¬ 
mal  cycling. 

5.  Tests  on  hot- pressed  UC2  specimens  shows  this  nnaterlal  to  be  Inferior  on  the  average  to 
UC  (for  UCj  average  number  pf  . cycles  to  failure  was  10,  while  for  UC  It  was  13).  A  very 
large  scatter  in  results  was  noted:  1  cycle  (to  failure)  to  22  cycles  (to  failure).  No  apparent 

correlation  to  density  cobid  be  Observed.  S 

(v' 

6.  All  of  the  samples  of  hot-pressed  (UC)  (ZrC)  failed  after  1  cycle  (2000  C  max).  This  mater¬ 
ial  proved  to  be  the  most  inferior  of  those  tested. 

7.  A  method  for  thermal  cycling  was  developed  which  allows  a  rapid  testing  procedure  for  re¬ 
fractory  compound  specimens.  Methods  of  fabrication  of  the  best  specimens  of  ZrC,  YBg, 
EuBg,  UC,  UC^  and  (UC)  (ZrC)  were  developed.  Heating  rates  of  several  thousands  of  de¬ 
grees  (centigrade)  per  minute  were  achieved. 


C.  Recommendtjtlons 

''iV..” 

The  results  of  this  exploratory  testing  for  thermal  cycling  resistance  has  led  the  authors  to  the  fol¬ 
lowing  recommendations; 

\  ■ 

1.  \Jhe  Intrinsic  stability  of  ZrC  and  YBg  during  thermal  cycling  which  was  quite  severe  shows 
tnat  these  material^  need  no  further  testing  in  this  area.  Should  these  materials  be  attrac¬ 
tive  as  emitters  they  can  only  be  used  as  emitter  coatings  as  they  are  not  fuels;  therefore, 
further  studies,  if  deemed  necessary,  should  be  oriented  to  the  development  of  bonding  of 
these  materials  to  structural  (refractory)  metals  and  the  testing  of  these  composites  lor 
chemical  and  mechanical  stability  In  the  regions  projected  in  thler  application.  ^ 

Further  work  In  fabrication  of  EuBg  Is  necessary.  No  work  is  necessary  for  stoichiometry 
control.  Once  this  is  accomplished  bonding  studies  similar  to  ones  suggested  in  (1)  are  in 
order  provided  EuDg  is  considered  to'' hold  promise  in  applied  thermionic  conversion. 

3.  A  very  considerable  amount  of  work  is  needed  for  up. 

\\ 

a//  Further  testing  is  necessary  to  determine  effects  of  composition  and  density. 
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b.  Testing  should  be  exte;ided  to  UC  fabricated  by  means  other  than  hot  pressing. 

c.  The  effects  of  surface  prei>aration  must  be  investigated, 

d.  A  definitive  program  to  determine,  quantitatively,  the  thermal  shock  parameters  of  UC 
fabricated  by  a  variety  of  methods  should  be  initiated.  This  should  be  supplemented  by 

i)  other  basic  studies  such  as:  high. temperature  mechanical  properties,  thermai  expan¬ 
sion,  etc.  Temperature  range  of  1400-2400  C  should  be  covered.. 


4.  There  appears  to  be  little  incentive  to  study  UC2  as  this  material  does  not  appear  to  offer 
any  important  advantages  In  nuclear  thermionlcs. 

5.  The  recommendations  for  UC-ZrC  are  essentially  the  same  as  those  of  UC.  It  Is  recom¬ 
mended  that  several  alloy  compositions  be  investigated  with  special  emphasis' based  on  part 

/  (cQ  of  the  recommendations  in  3. 


'i'he  most  urgent  need  fur  technical 


formation  appears  to  lie  with  UC  and  UC-ZrC  fuels. 


Experl)menUl  Procedures 
1,  SAmple  Preparation 

The  materials  were  prepared  by  hot-pressing  the  respective  powders  in  a  vacuum  hot- press. 
(Figure  1.  )  The  dies  were  made  by  precision  machining  of  Graphltite  C.  Spacers  in  the  die 
were  of  the  same  graphite.  The  conditions  for  pressing  and  other  results  are  given  in  Table 


I. 


After  the  hot-pressing  operation  the  dies  were  opened  and  the  pellets  \<^ere  cleaned  to  re¬ 
move  graphite  and  extraneous  material.  The  pellets  were  then  reduced  to  a  washer  geometry 

0.5  inches 
0.25  Inches 
0.20  inches 

This  was  accomplished  by  means  of  a  Mullard  Ultrasonic  Drill  (Figure  2)  or  by  conventional 
drilling  with  diamond  drill.  Black- body  holes  were  then  made  by  the  same  techniques.  Ty¬ 
pical  black-body  holes  were  10  mil  in  diameter  and  60-70  mils  deep.  The  specimens  were 
.//  '  then  polished.  Figure  3  shows  a  typical  specimen. 


with  the  following  dimensions: 

Outside  Diameter 
"  Inside  Diameter 
Thickness 
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The  specimens  were  examined  by  metallographlc  and  x-ray  techniques  and  their  densities 
were  determined.  All  these  operations  were  carried  out  at  room  temperature.  Table  I 
"^'shows  some  of  the  results  obtained.  In  the  following  paragraphs  a  ntore  detailed  appraisal 
of  the  speclmehB  prior  to  testing  Is  given. 


Metallographlc  examination  of  ZrC  confirmed  that  the  material  was  single  phase.  Even  the 
^peclmena  to  which  nickel  was  added  to  promote  denslflcatlon  did  not  reveal  the  presence  of 
a  second  phase.  This  may  be  accounted  by  the  fact  the  high  temperature  (2200  C)  and  the 
time  at  temperature  during  hat-piessing  was  Hufficieni  to  volatilize  the  nickels  In  other 
studies  It  was  found  that  nickel  whm  present  was  always  concentrated  In  the  grain  boundarlea 
A  typical  appearance  of  ZrC  Is  seeWln  ^^re  4.  This  particular  specimen  was  ZrC  A-20; 
the  mean  Intercept  grain  diameter  was  34. 4  microns.  Lower  density  specimens  were  simi¬ 
lar  except  for  a  higher  porosity  and  lower  grain  size  (snnaller  than  8  microns). 


All  of  tlw  YBg  specimens  contained  some  YB^.  The  high  densities  obtained  reflect  the  pre¬ 
sence  of  the  lower  boride.  Since  YB^  at  high  temperature  will  alleys  produce  YB^  as  a  re¬ 
sult  of  a^)t>llmation  processes  it  was  deemed  to  more  realistic  to  use  specimens  contain¬ 
ing  this  second  phase.  Figure  5  shows  a  YBg  A- 16  as-pollshed  specimen.  The  light  colored 
phase  Is  YB^.  Figure  6  shows  the  same  specimen  afte^  It  has  been  etched. 


X-rays  all  showed  that  EuBg  was  single  phase.  Very  small  amounts  of  a  second  phase  which 
Is  probably  accounted  by  Impurities  In  the  starting  materials,  were  revealed  by  metallo¬ 
graphy.  ^Figure  7  is  a  photomicrogmph  of  EuBg  A- 13  and  Figure  8  Is  for  EuBq  A- 13  which 
was  a  sister  pellet  of  EuB^  A- 14.  Both  of  these  spiecimenB  were  etched,  that  in  |'igure  8 
was  etched  for  a  longer  period  (10  second)  which  removed  the  minor  second  phase  material. 

(UC)  (ZrC)  was  found  to  be  single  phase  by  x-  rays  with  the  exception  of  (UC)  (ZrC)  A-05  which 

'i.  . 

showed  presence  of  UC2.  Examination  by  metallographlc  techniques  revealed  the  presence  of 
a  second  phase  which  was  isotropic  (see  for  example  Figure  0  for  (UC)  (ZrC)  A-06  as  po¬ 
lished).  Grain  size  was  quite  samll  (less  than  3  microns)  and  the  samples  were  generally 
quite  difficult  to  etch.  \A  sample  of  (UC)  (ZrC)  A-06  which  was  heated  for  one  hour  at  2000 
C  was  still  difficult  to  etch  but  showed  a  single  phase  material  with  a  mean  intercept  grain 
diameter  of  about  7  microns  (Figure  10).  Grain  growth  accounts  lor  the  larger  grain  size. 
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UC  A-08  showed  some  UC.  present  in  very  minor  quantity.  X-rays  Indicated  tlat  UC  A- 13 

A 

v&s  single  phase  hut  metallography  showed  an  Isotropic  second  phase.  Figure  11  shows  UC 

A- 13  as  polished  and  Figure  13,  as  etched. 


Although  x-rays  did  not  alvmys  Indicate  UC  In  UC^  samples,  metallography  showed  that  all 
the  samples  contained  some  UC.  Figures  13,  14,  and  15  shows  the  etched  grain  structure 


of  UC2  A-04,  UCj  A-01  and  UCj  A-02  respectively.  Figure  14  shows  the  structure  of  UCj 
which  was  maintained  for  a  longer  period  at  th^  higher  temperatures.  This  picture  was  taken 
under  polarised  light.  ^ 

\\ 


The  following  Is  a  summary  of  the  etchants  and  their  application  In  the  metallographlc  In¬ 
vestigations. 


ZrC  25  HjO,  25  HNO^,  25  Acetic,  2-3  HF.  Four  to  seven  seconds  by  immersion. 

Repollsh  very  lightly  to  remove  gold  colored  stain  that  forms. 

YBg  20  HNO3.  Immersion.  Time  varies.  Best  to  start  with  no 

more  than  15  seconds  and  continue  at  15  second  intervals  to  prevent  overetch- 
Ing.  Sometimes  It  is  necessary  to  repollsh  and  re- etch  depending  on  whether 
tine  polishing  scratches  are  visible  after  the  first  etch. 

EuBq  Same  as  YB^  except  that  repolish  is  seldom  necessary. 

UC  25  H2O,  35  HNOg.  25  Acetic,  2-3  HF.  Immersion  10-60  second^,.  Sometimes 

necessary  to  repollsh  lightly  to  remove  stain. 

UC-ZrC  ZS  HjO,  25HNOg,  35  Acetic,  2-3  HF.  Immersion  15-30  seconds. 

UCj  ZSHjO,  35HNOg,  35  Acetic,  3-3HF.  Immersion  30-90  seconds.  Usually 

necessary  to  examine  under  polarised  light  since  this  is  a  stain  etch  and  not  a 
grain  boundary  etchant. 

2.  Thermal  Cycling  Procedure 

The  thermal  cycling  was  accomplished  in  the  apparatus  shown  in  Figure  16.  The  sample 
was  supported  on  three  tungsten  wires  which  were  held  1^,  alumina  tubes  resting  In  a  boron 
nitride  support.  The  power  was  supplied  by  a  5  KW  General  Electric  Induction  unit.  The 
v^cu^^  system  consisted  of  an  oil  diffusion  pump  with  a  nitrogen  trap  and  a  mechanical 
pump  with  a  capability  of  maintaining  the  ^jystem  below  10*  torr.  The  test  chamber  was 
made  of  vycor.  Calibrations  were  made  on  the  quartz  window  and  prism  to  provide 
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corrections  for  optical  pyrometry.  A  micro  pyrometer  was  used  in  all  temperature  measure¬ 
ments.  In  order  to  provide  regular  periodic  cycling...  a  2  rpm  motor  with  a  mlcroswltch  was 
interconnected  to  the  induction  power  supply.  The  period  of  the  cycle  was  2  minutes  with 
30  seconds  at  full  power  and  90  seconds  at  zero  power. 

After  a  sample  was  introduced  and  the  system  was  pumped  dowi\  the  power  was  gradually 
raised  to  ^e  setting  which  would  heat  the  specimen  to  the  required  temperature  and  main¬ 
tain  it  at  tl^t  level  Indefinitely.  Prior  to  attaining  this  level  it  was  necessary  to  de-gas  the 
li  '  ' 

samples  in  situ,  so  that  no  arcing  would  occur  In  the  system  and  a  good  vacuum  could  be 

maintained.  The  degassing  operation  was  not  necessary  or  very  brief  for  all  the  specimens 
of  ZrC,  YjBg  and  EuBg.  Considerable  outgasslng  was  necessary  for  UC,  UC^,  and  (UC)  |ZrC), 
the  periods  rarely  exceeded  S-10  minutes.  The  outgasslng  was  carrled^9ut  above  1500  C, 
the  exact  temperature  was  largely  determined  by  the  rate  of  evolution  of  gas  from  the  sample. 
In  practice  it  was  possible  to  start  degassing  at  say  1400  C  and  follow  this  with  a  gradual  in¬ 
crease  In  the  temperature  to  2000  C. 

The  upper  temperature  for  the  cycle  was  2000  C  for  all  the  material  except  YBg  and  EuBg . 

The  latter  two  have  very  appreciable  vapor  pressures  which  would  limit  their  use  to  about 
1400  C.  Sines  it  Is  of  Interest  to  cycle  materials  above  this  temperature  an  upper  temper¬ 
ature  of  1700  C  was  selected  for  the  borides.  The  rest  of  the  materials  were  cycling  to  the 
same  temperature  limit  for  the  sake  of  test  uniformity;  it  is  realized  that  (UC)  (ZrC)  and  r> 
ZrC  could  be  operating  as  emitters  at  temperatures  above  2000  C. 

The  typical  heating  cycles  were  as  follows: 

15-20  seconds  to  heat  to  2000  C  for  carbides  and  to  l700  C  for  the  borides 
Power  on  (or  total  of  30  seconds. 

Samples  at  constant  upper  temperature  for  about  10-15  seconds. 

Power  off  lor  total  of  90  seconds. 


Figure  17  shows  the  temperature  as  a  function  of  tine  for  the  cycling  of  ZrC.  Figure  18 
shows  the  same  for  YB^  These  representations  are  typical  for  all  the  materials  and  speci¬ 
mens  tested.  The  solid  lines  represent  measured  temperatures.  Dashed  lines  represent 
portable  temperature  profiles  in  time.  The  test  consisted  In  cycling  until  the  specimen 
cracked  (or'  split  apart)  or  until  50  cycles  were  completed.  If  the  specimen  cracked  but 
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still  maintained  Its  Integrity  on  the  supports,  the  effect  was  noticed  by  a  very  large  drop  in 
the  temperature  of  the  specimen.  Typically  a  power  setting  suitable  for  heating  a  specimen 
to  3000  C  would  not  raise  a  cracked  specimen  above  1300-1400  C.  In  almost  all  cases  the 
disintegration  was  sufficient  to  displace  the  specimen  from  the  tungsten  supports  so  that  no 
ambiguity  as  to  the  termination  of  the  tost  was  possible.  Some  of  the  specimens  were  exam¬ 
ined,  In  situ,  during  test  at  1  cycle,  25  cycles  and  50  cycles  (where  feasible).  It  was  not  pos¬ 
sible  to  detect  any  small  cracKe  that  could  be  developing  through  a  drop  In  observed  temper¬ 
ature,  therefore,  the  test  could  be  termln^ated  when  a  crack  clear  tb|Ough  th^  speci¬ 
men  occurred  or  when  the  specimen  b^oke  Into  two  sections.  These  spot  checks  on  the  speci¬ 


mens  did  demonstrate  that  the  original  temperature  regime  wa^imi)ntalned  throughout  the 
^test  period.  These  checks  were,  of  course,  feasible  oniy  on  specimens  that  could  be  cycled 
many  times. 

The  materials  that  showed  stability  and  Integrity  for  50  cycles  were  not  given  more  than 
three  testa.  At  least  four  tests  were  given  to  the  other  materials. 

3.  Discussion  of  Results 

A  summary  of  results  obtained  on  the  materials  tested  are  given  In  Table  n. 

Disregarding  the  variables  from  sample  to  sample  and<bearing  In  mind  that  only  a  limited 
number  of  samples  were  tested  for  each  material,  one  may  dtlll  gain  some  qualitative  In¬ 
sight  as  to  the  mechanical  stability  of  these  materials  from  the  arithmetic  average  of  cycles 
to  failure: 


Average  No.  of  Cycles  to  Failure 


1. 

ZrC 

50+ 

(2000  G) 

2. 

YBj 

50+  . 

(1700  C) 

3. 

EuBq 

-  35 

(1700  C) 

4. 

UC 

15 

(3000  C) 

6. 

UC, 

10 

(2000  C) 

6. 

UC-ZrC 

tr-' 

(2000  C) 

It  Is  significant  that  the  first  (best)  four  materials,  ZrC,  YBg,  KuBg  and  UC  had  at  least 
one  sample  that  lasted  the  lull  5P  cycle  test,  this  Indicates  that  with  careful  control  of  varia¬ 
bles  of  stoichiometry  and  fabrication  and  the  understanding  of  these  variables  as  tl[>Jy  relate 
to  thermal  cycling  resistance  it  n^ty  be  possible  to  develop  materials  that  could  take  con¬ 
siderable  temperature  excursions.  u 
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TABLE  n 


.Sample 

No.  of  Cycles  to  Failure 

Remarks 

;  ?! 

ZrC  A-OS 

SO-f  (2000  Cmax) 

Sample  remained  intact  after 
50  cycles 

(/ 

ZrC  A-20- 1 

50-»^  (2000  C  max) 

as  above 

ZrC  A- 20- 2 

50+  (2000  C  max) 

as  above 

YBgA-10-1 

50+  (1700  C  max) 

as  abov0,  surface  covered 
with  YB4 

YEg  A-10-2 

50+  (1700  C  max) 

as  above 

YBgA-18 

50+  (1700  C  max) 

EuBgA-tO 

7  (1700  C  max) 

Broke  Intc^wo  pieces 

EuBg  A- 14- 1 

50+  (1700  C  max) 

Sam^e  ihtact  after  50  cycles 

EuBg  A»44-  2 

24  (1700  C  max) 

Bfoke  Into  two  pieces 

EuRgA-15 
(UC)  (ZrC)  A-06-1 

50+  (1700^e  irltut) 

2  (201)0  C  max) 

1 

/  Sample  intact  after  SO  cycles 
Broke  into  two  pieces 

(UC)  (ZrC)  A- 06- 2 

1 ..  (2000  C  max) 

as  above 

(UC)  (ZrC)  A- 08-1 

1  (2000  C  max) 

as  above 

(UC)  (ZrC)  A-08-2 

1  (2000  C  max) 

as  above 

UCA-08-1 

1  (2000  C  max) 

as  above 

UC  A- 08- 2 

y**  3  (2000  C  max) 

as  above 

UC  A- 13-1 

50+  ■  V 

remainecLlntact 

UCA-13-2 

3 

,  J' 

Broken'  to  two  pieces 

hf 

UCj  A-02-in 

22 

Cracke^^  but  did  not  break 
into  two.  pieces 

UCj  A- 01-1 

9 

Broke  into  two  pieces 

UCj  A-01-2 

1 

Broke  into  two  pieces 

UC2A-O4 

1 

as  above 

UCg  A-OS 

17  (2000  c  max) 

_ iU _ 

as  above 
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Examination  of  the  fracture  surfaces  indicate  that  ''brittle"  fracture  occurred  in  all  the 
specimens  that  failed.  There  was  no  evidence  of  fatigue  processes  In  the  post- examinat Iona 
This  is  supported  by  observation  in  situ  during  the  tests,  since  starting  cracks  would  have 
appeared  as  bright  lines  on  the  surface  of  the  specimen.  If  cracks  formed  they  were  micro- 
cracks  and  not  visible  at  the  ntagnification  of  the  optical  pyrometer.  Figure  10  shows  the 
fracture  surface  of  EuBg  and  Figure  20  that  of  (UC)  (ZrC).  These  fractures  are  typical  of 
the  ones  encountitred  in  this  study.  uThe  planes  of  fracture  ran  roughly  parallel  to  the  axis  . 
of  radial  symmetry  of  the  washers.  Cracking  of  the  specimens  frequently  occurred  on  heat¬ 


ing  cycle  but  It  was  not  established  if  preliminary  cracking  did  not  occur  below  900  C,  i.e. 

t\ 

W 

below  the  temperature  at  which  pyrometrlc  observations  were  conducted.  Judging  from  the 
f  actured  surfaces  one  may  assume  that  moat  of  the  failures  occurred  at  lower  temperatures 


^^re  the  onset  of  appreciable  plastic  deformation.  In.  the  case  of  UC  it  is  conceivable  that 
t^iracture  occurred  below  1000  C.  The  onset  of  appreciable  plasticity  In  the  ntaterlals  as 
^ol^alned  from  hot-pressing  studies  Is  as  follows: 


about  1100  C 


UCj.  UC-ZrC  about  1500  C 

YBg  about  1500-1800  C 

EuBg  about  1800-2300  C 

ZrC  about  2300  C 


Originally  It  was  suspected  that  blaCk-body  holes  may  serve  as  crack  Initiation  centers.  The 
results  showed  this  to  be  false,  no  specimen  showed  a  crack  passing  through  the  black-body 
hole.  Non-uniformity  of  temperature  was  also  resolved  to  be  a  very  minor  effect.  Gradients 
exceeding  10  C  were  not  observed  across  the  specimens.  Temperature  uniformity  was 
achieved  without  special  precautions  about  centering  the  specimen  Inside  the  Induction  coll, 
as  the  test  device  was  self-centering  (see  Figure  16).  the  coll  fit  tightly  over  the  vycor  tube 
and  the  boron  nitride  support  In  the  tube  was  fitted  tightly  to  the  container,  thus  the  geometry 
was  fixed  sufficiently  well  in  all  the  tests. 


In  the  foli'.?wlng  paragraphs  the  materials  tested  are  discussed  separately,  ZrC  proved  to  be 
very  stable  material.  It  was  orglnally  suspected  that  ZrC,  with  nickel  added  as  a  sintering 
aid  during  hot-pressing  may  prove  to  be  weaker  due  to  the  [wsslblc  presence  of  nickel  in 
the  grain  boundaries  and  larger  grain  size.  Metallography  revealed  no  nickel  In  the  grain 
boundaries  and  the  grain  size  apparently  did  not  affect  the  i-e.sults  within  the  te.st  limit  ol 
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SO  cycles.  The  duration  of  the  cycling  test  and  the  temperature  of  the  cycling  could  not  pro¬ 
duce  appreciable  grain  groorth. 

It  was  anticipated  that  the  presence  of  YB^  in  YBg  may  weaken  this  material  but  this  was  not 
the  case.  The  results  indicate  that  YBg  could  function  satisfactorily  while  devclc^lng  the  YD^ 
phase  as  a  result  of  sublimation  losses  of  boron.  It  was  observed  that  all  the  surfaces  of 
YBg  specimens  were  coated  with  a  loose  YB^  layer  similar  to  the  ones  observed  In  subli¬ 
mation  studies  with  this  material.  The  specimen,  YBg  A- 10-1  developed  "whiskers"  during 
♦he  ♦»"*,  These  "whtekers"  l“.d  many  kinks  and  were  shown  to  be  polycrystalllne  YBgi'  The 
other  two  YB^  specimens  did  not  exhibit  this  behavior.  Although  a  lov;er  maximum  tempera* 
ture  of  1700  C  was  chosen  mainly  on  the  basis  of  excessive  sublimation  losses  of  YB.  at 

V 

higher  temperature  levels,  It  was  observed  that  at  2000  C  and  higher  YBg  specimens  genera 
ally  break  apart  and  their  structures  show  many  micro-cracks  in  the  grains. 

EuBg  was  a  single- phase  material  and  unlike  YB^  does  not  develop  any  second  phase  as  a 
result  of  sublimation  processes.  Two  of  four  specimens  survived  the  full  50  cycles  (1700  C  ' 
max).  The  failure  of  two  of  the  specimens  at  7  and  24  cycles  may  be  correlated  to  the  higher 
porosity  of  these  samples,  although  factually  It  Is  only  one  of  many  variables  which  could 
Influence  the  results.  The  following  Is  the  comparative  table  Indicating  the  correlation  with 


the  measured  density  of  the  starting  material: 

Material 

No.  of  Cycled  \] 

Density  (%  theoretical) 

EuBq  a-  10 

7 

83% 

EuBg  A*  14*1  .. 

,  24 

90% 

EuBg  A- 14-2 

50* 

90% 

EuBg  A- 15 

50+ 

100% 

Specimens  of  EuB^A-14  and  EuBg  A- 15  were  prepared  under  Identical  nominal  conditions 
of  temperature  and  pressure,  but  the  resulting  density  was  quite  different.  Moreover,  one  ' 
of  the  EuBq  A- 14  specimens  did  last  through  the  full  test  of  50  cycles  so  that  the  correlation 
with  density  may  be  accidental.  In  general,  lower  temperatures  and  pressure  in  the  fabrica¬ 
tion  step  produce  higher  porosity  in  the  sample.  The  temperatures  encountered  In  the  test 
would  not  produce  appreciable  grain  growth  as  temperatures  exceeding  1900  C  have  to  be 
reached  to  obtain  measureable  grain  growth  effects  within  a  few  hours. 

i) 
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DC  specimens  in  common  with  all  the  uranium  faring  materials  required. cunsideraUle  out- 
gassing.  One  specimen  survived  the  full  test  of  SO  cycles.  Again  It  appears  that  higher  den¬ 
sity  specimens  had  a  better  resistance  to  cycling.  Specimens  of  UC  A-08  besides  being  less 
dense,  contafhed  more  UCj  than  UC  A-13. 


UC  A-08- 1 
UC  A- 08- 2 
UC  A- 13-1 
UC  A-13-2 


Hot-  Press Ing  Conditions 
1100  C.  6000  psi 
1100  C,  6000  psi  . 
ISOO  C.  6000  pst 
1500  C.  6000  psi 


Density 

75'’o 

75% 

83% 

83% 


Cycle  to  Failure 
1 
3 
50 
3 


II 


It  appears  to  be  feasible  to  develop  UC  which  could  survive  the  rigor  of  the  full  test  but  con¬ 
siderably  more  information  is  needed  on  the  effects  Of  the  variables. 
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It  Is  remarkable  that  some  of  the  UCj,  specimens  v/tft  able  to  withstand  several  cycles  (one 
lasted  through  22  cycles)  since  the  material  could  pass  through  two  phase  transitions.  At 
1800  C  it  Is  known  to  change  crystal  structure  from  cubic  to  tetragonal  and  below  1300  C  it 
decomposes  under  equilibrium  conditions,  to  U2Cg  *  C.  The  ability  to  withstand  such  " 
drastic  conditions  may  be  tied  to  its  ability  to  twin.  Exposure  to  temperatures  of  1800  C 
or  higher  always  produces  very  rapid  grain  growth  as  was  shown  in  grain  growth  studies. 
The  following  is  a  comparative  table  of  observations  on  UC2: 


Hot  Pressing  Conditions 


Density 


No.  of  Cycles 


UC2  A- 04 

1500  C.  4000  psi 

88% 

1 

UC2  A-01-2 

1700  C.  4800  psi 

05% 

1 

UC2  A- 02-1 

1700  C,  4800  psi 

95%  , 

0 

UCj  A-02-ni 

1700  C,  4800  psi 

95% 

2? 

UC2  A- 05 

1700  C,  4800  psi 

00% 

17 

(UC)  (ZrC)  turned  out  to  be  the  least  satisfactory  material  with  respect  to 

thermal  cycling, 

None  of  the  samples  teoted  last^  more  than  1  cycle. 

In  thermal  conductivity  experiments, 

such  as  those  conducted  by  L.  N.  Grossman,  it  was  always  observed  that  a  large  tempera- 
ture  gradient  caused  cracking  in  (UG)  (^rC)  rod  specimens.  One  may  only  speculate  that 
lower  thermal  conductivity  and  lack  of  ductility  of  this  solid  solution  may  cause  these  rapid 
failures.  L.  N.  Grossman  has  Pleasured  and  estimated  (those  values  marked*)  the  values 
of  thern>al  conductivity  for  UC,  ZrC,  and  (UC)  (ZrC)  (K  given  in  cal/cm  sec  deg). 
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UC 

ZrC 

(UC)  (ZrC) 

727  C  (1000  K) 

0.054 

0.035  * 

1227  C  (1500  K) 

0.056 

0.069 

0.042,,» 

1727  C  (2000  K) 

0.056 

0.073 

0.048  * 

In  conclualon  It  Is  Interesting  to  point  out  that  very  high  heating  rates  were  used  in  these 
studies.  Mean  heat-up  rates  on  carbides  were  about  6000  C/mlnute  swd  3500  C/minute  on 
the  borides.  Since  the  power  supplied  was  set  to  reach  the  steady  state  temperature  of  2000 
C  and  1700  C  the  heating  rate  was  more  rapid  at  the  lower  temperature  (above  the  rtiean 
quoted)  and  a  lower  rate  prevailed  at  the  higher  temperature  where  the  materials  were  more 
plastic.  Although  such  rates  are  lower  than  those  encountered  In  nuclear  reactor  excursions 
they  are  much  higher  than  those  encountered  In  the  start-up  of  power  reactors.  The  heating 
rates  encountered  represent  fairly  closely  changes  from  50  per  cent  power  to  100  per  cent 
power  In  a  power  reactor.  Since  It  appears  to  be  reasonable  to  assume  that  brittle  fracture 
was  the  mode  of  failure  It  Is  Interesting  to  compare  the  cooling  rates  of  the  various  materials 
below  the  level  of  temperature  where  appreciable  plasticity  Is  shown.  In  UC-ZrC  and  UC2 
one  sees  that  at  1000-1200  C  a  very  plausible  temperature  range  at  which  failure  could  have 
occurred,  a  cooling  rate  of  about  1200  C/mln  was  encountered.  Similarly  for  UC,  at  800  C, 
the  cooling  rate  was  approximately  480  C/mlnute.  For  ZrC  the  temperatures  covered  were 
essentially  those  over  which  brittle  behavior  dominated  but,  of  course,  no  failures  were  en¬ 
countered.  Similar  analysis  could  be  made  for  YB^  and  EuB^.  These  are  naturally  estimates 
as  the  exact  temperatures  at  which  failure  occurred  were  not  observed  and  the  high  temper¬ 
ature  mechanical  properties  of  the  materials,  as  fabricated  in  this  study,  are  not  adequately  „ 
known.  This  study  could  be  criticized  on  the  basis  of  "unrealistic"  cycling  conditions  as  these 
heating  and  cooling  rates  may  not  represent  those  associated  with  some  particular  thermionic 
system.  One  must  bear  in  hilnd  that  the  present  study  Is  not  related  or  oriepted  to  any 
particular  system  and  It  Is  known  that  the  number.of  systems  under  consideration  is  large. 

The  cycling  rate  chosen  was  "Intermediate"  between  the  relatively  slow  start-ups  and  changes 
of  power  level  In  power  reactions  and  the  well  known  excursions  and  scrams  that  are  en¬ 
countered  In  test  reactors.  There  is  another  significant  point  in  the  fact  that  thermionic  de¬ 
vices  are  tested  In  reactors  which  are  considerably  different  from  the  projected  thermionic 
system  reactors  and  teat  reactors  are  known  to  have  periods  when  very  large  rates  of  tem¬ 
perature  change  occur.  The  objective  of  this  study  was  primarily  a  comparative  evaluation 
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of  the  stability  of  some  niaterials  to  a  {Articular  type  of  thermal  ryclinn.  It  is  obviously 
more  cteslrabte  to  perform  further  cycling  experiments  which  have  a  closer  correspondence 
to  hypothetical  reactor  systems  in  the  materials  configurations  that  would  be  used  in  those 
systems.  It  is  equally  obviously  that  low  rates  of  change  of  temperature  are  desirable  in 
a  practical  system  especially  if  potentially  brittle  refractory  compound  emitters  are  used. 

p 

It  can  not  be  over- emphasized  that  t^qj results  of  these  tests  are  primarily  exploratory. 
They  refer  only  to  the  materials  as  f|brlcated  and  prepared  for  this  study  and  the  results 
should  not  be  extrapolated  to  nutterla'ls  of  different  origin,  for  instance,  it  would.be  incu/> 

!'i 

rect  to  assume  that  cast  UC  will  tiehave  sijytllarly  to  hot-pressed  UC.  Some  of  the  more 
Important  facets  need  exploration  for  definitive  conclusions.  These  are; 

1.  Effect  of  preiiaratinn  and  fabrication. 

2.  Chemical  composition. 

3..  Surface  preparation  (and  composition) 

4.  "Geometry  " 

5.  Residual  gas'es  In  the  test  apparatus  and  In  the,  samples. 

6.  Heating  rates  and  cycle  frequency. 

Another  Important  facet  is  the  banding  and  support  structure  (for  these  emitter  materials) 
as  cycling  results  could  he  quite  different  if  one  studied  a  composite  structure  of  say  a  car¬ 
bide  bonded  to  a  refractory  metal. 
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Figur*  3.  ULTRASONIC  DRILL 


Figure  3.  ZrC  SPECIMEN 
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Figur*  4.  ZrC  (2 SOX) 
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Figure  14.  UC^  (250X) 


Figure  15.  UC^  (250X) 
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Fi«wr«  17.  CYCLE  FOR  ZrC 


Figura  19.  FRACTURE  SURFACE  OF  Eu  Bg 
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Figura  20.  FRACTURE  SURFACE  OF  UC2 
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SECTION  Vra  -  FLEXURAL  STRENGTH  APPARATUS  FOR  USE  TO  2000  C.  -  L.  N.  Grossman 

R.  Ross 


SYMBOL  AND  NOMENCLATURE 

<f  •  rupture  modulus 

i7g  ■  rupture  mpculus  at  zero  porosity 

P  >  volume  fraction  porosity 

II 
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FLEXURAL  STRENGTH  APPARATUS  FOR  USE  TO  2000  C  -  L.  N.  Grossman,  R.  Rosa* 
A.  Introduction 


Transverse  testing  to  determine  the  fracture  strength  of  brlti'e  bodies  Is  generally  preferred  over 
tensile  testing  due  to  the  difficulty  of  setting  up  a  purely  tensile  load  on  a  non-ductile  specimen.  Var¬ 
ious  methods  have  been'employed  and  described;  however,  none  accommodate  small  reactive 
specimens  at  high  temperatures.  The  need  for  testing  siAill  specimens  |ias  arisen  from  fabrication 
limitations  on  many  Interesting  miiilerials  which  are  not  readily  formed  iiito  large,  dense  bodies. 

The  present  |pparatua  was  designed  and  built  for  application  to  testing  refractory  Intermetaillcs, 
borldas,  and  carbides.  ,■  v. 


Three  unique  features  have  been  incorporated  In  the  apparatus:  1)  hydmstatlc  balancing  of  the  load¬ 
ing  bars  to  assure  symmetric  loading:  3)  accommJdatlon  of  small  speclH^hf  .,(s))4  Inch  x  0.2  inch  x 
0.03  Inch):  and  S)  direct  reading  load  data  from  a  pressure  transducer  In  hydraulic  balancing  system. 

In  addition,  the  specimen  environment  may  be  either  vacuum  or  Inert  gas  at  tempSratures  up  to  3000  C. 

All  materiai%ln  the  hot  sone  are  refractory  metals  (W.  Ta,  or  W-Ta  alloys)  so  that  reaction  with 

” 

furnace  components  or  their  vapors  Is  minimised. 


B.  Summary 

A  hydrostatically  balanced,  ^  point  flexural  strength  apparatus  has  been  constructed  for  use  with 
small,  brittle  speclmensi  Accurate  temperature  control,  variable  loading  rate,  and  vacuum  or  in¬ 
ert  gas  atmosphere  are  features  of  this  device.  Results  are  presented  for  the  inroslty  dependence 
of  flexural  strength  for  slrconlum  carbide. 


The  flexural  strength  apparatus  has  been  proven  usable  to  1300  C.  The  furnace  assembly  has  been 
heated  to  1700  C  with  no  specimens  present.  The  sensitivity  of  the  loading  system  la  about  0. 3  pounds 
while  the  maximum  load  Is  about  38  pounds  per  knife  edge.  ^ 


Data  on  the  porosity  dependence  of  the  rupture  modulus  of  ZrC  has  been  obtained.  The  scatter  In  the 
data  are  comparable  with  that  obtained  by  other  Investigators.  The  extrapolated  value  for  the  flexural 
rupture  modulus  of  100  per  cent  dense  ZrC  of  grain  size  3-4  microns  Is  80,000  pel. 


The  ZrC  specimens  appear  well  suited  to  further  basic  studies  on  the  effects  of  temperature,  porosity, 
grain  size,  and  grain  size  distribution  on  strength.  Studies  at  this  laboratory  have  shown  that  control 


*  Pyxis  Automatic  Control  Systems,  Berkeley,  California 
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o(  grain  sl*e  'knd’por^alty  is  possitilc  by  variation  of  the  hot-pressing  paianteters.  The  lack' of  quantl- 
tativi^  experimental  and  theoretical  data  on  this  subject  require  further  exploitation  of  the  equipment 
and  technology  developed  for  this  program. 

'  ■  ....  %  ..  ■■  /» 

C.  Description  of  Apparatus 

Figure  1  illustrates  the  major  features  of  the  flexural  strength  apparatus.  The  hydrostatically  balanced 
loading  heads  are  located  In  the  hot  zone  of  a  tungsten  Italr-pln  furnace  which  Is  enclosed  in  a  water- 
cooled  bell  jar.  The  environment  of  the  speclmenjfnay  be  either  vacuum  or  inert  gas.  Temperature 
is  measured  by  a  w-w.  2d  Ke  thermocouple  which  is  in)l>edded  iq  a  hole  in  the  massive  loading  block 
Immediately  below  the  specimen.  Proliing  of  the  hot  zone  with  Pt.  Pt  -  10  Rh  the|rmocouples  has  . 
shown  the  sample  to  be  within  30  C  of  the  bl^-k  iemperature  up  to  1600  C.  f 


Loading  la  of  the  four-point  type.  The  advantages  of  this  over  three-point  loading  UH.bMn  described 
considerably.  and  are  Illustrated  in  Figures  2a  and  2b.  Figure  2a  is  a  photoelastic  model  of 
3-polnt  loading  while  3b  is  the  4-polnt  case.  It  Is  clear  that  4-pulnt  Joading  result||i  in  a  conitant 
stress  plateau  between  the  two  center  knife  edges.  In  the  present  appai^.i8,  the  upper  knife  edges 
are  connected  to  two  identical  copper  bellows.  The  bellows  are  filled  with  oil  and  connected  hydrau¬ 
lically  so  that  the  load  Is  equal  on  each  of  the. knife  edges  regardless  of  the  sample  shape.  The  hy¬ 
draulic  system  Is  also  connected  to  a  visual  Ibad  Indicator  and  to  a  pressure  traiisducer  (Schaevltz 
type  PRBT-A-75).  The  output  of  the  transducer  may  be  read  on  a  millivolt  recorder.  Figure  3 
shows  the  millivolt  output  ^  load  on  one  knife  edge.  The  minimum  observable  load  Is  about  0.3 
pound  while  the  maximum  load  tolerable  is  about  35  pounds  per  kn|fe  edge.  The  lower  loa^  sensitivity 
limit  Is  set  by  the  elaatic  constant  of  the  bellows,  while  the  upper  limit  is  set  by  the  pressure  limit  of 
the  bellows  (60  psl).  The  knife  edges  are  pivoted  to  provl(||  a  rugree  of  roUtional  freedom  to  mini¬ 
mize  torsion  that  may  ariae  due  to  warped  samplee.  ^ 

p  ..  ■ 

The  knife  edges  are  1/8  Inch  rods  which, may  be  replaced  without  distru^ing  the  loading  members. 

X  -  '  is 

Knife  eddh  Inserts  used  In  this  Investigation xere  tungsten  carbide.  The  loading  members  are  ma- 
chined  tantniam  or  tantalum- tungsten  alloy.  An  aluml^fum  oxide  thermal  barrier  exists  in  each 
loading  member,  located  outside  of  the  furnace  proper.  The  barrier  provides  about  500  C  tempera¬ 
ture  drop  at  sample  temperatures  near  1600  C.  The  upper  and  lower  bearings  are  press-filled  into 
water-cooled  brass  fixtures. 
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Loading  is  accomplished  by  . driving  the  pedestal  at  a  predetermined  rate  through  a  copper  bellows 
seal.  The  rates  0.025,  0.0125,  and  0.0063  inches/  min  are  obtainable  by  changing  gears  on  the  drive 
motor.  Maximum' temperature  can  be  achieved  in  about  IS  minutes  using  a  kw  power  supply.  The 
sample  may  be  replaced  with  30  minutes  after  maximum  temperature  is  reached  In  vacuum  and  with¬ 
in  15  minutes  of  inert  gae  is  present.  Figure  4  shows  a  portion  of  the  cooling  curve  for  vacuum  con- 
dlttons. 

1.  Experimental 

The  long-range  objective  of  this  study  is  to  examine  the  effect  of  temperature,  grain  size 
and  porosity  on  the  rupture  nmdiilus  of  some  refractory  borides  and  carbides.  Determina¬ 
tion  of  the  temperature  onset  of  ductile  defornnatlon  will  also  be  made,  and  some  tensile  de-  | 
formation  data  obtained  above  that  temperature.  The  present  paper  will  describe  results  / 
obtained  on  the  porosity  effect  oil  the  flexural  strength  of  zirconium  carbide^ 

Hot  pressed  ZrC  discs  1  inch  diameter  by  1/4  inch  thick  were  sliced  on  a  thin  blade^.flj|amond 

N.-// 

saw  into  6  to  12  bars  measuring  about  1/4  Inch  x  0.4  inch  x  3/4  inch.  Surfaces  were  polished 
through  600  grit  silicon  carbide  paper.  The  microstructure  of  the  ZrC  specimens  showed 
them  to  be  fine  grained  (3-4p  average  grain  diameter),  with  uniform  connected  porosity 
throughout.  By  varying  the  fabrication  pressure,  the  porosity  could  be  controlled  between 
10  per  cent  and  40  per  cent  with  no  noticeable  change  in  grain  size,  Chentlpal  and  x-ray  analy 
slB  showed  the  specimens  to.  be  ZrC^^,  where  x  <•  1.00  i  O.'dl  mole  fraction.  " 

«  "  ■ 

Figure  5  exhlblta  the  results  of  breaking  tests  for  ZrC  specimens  of  differing  porosity.  Thi^ 
strsight  line  drawn  between  the  average  moduli  can  be  represented  by 


<T-<r^,d 


where 


(7  is  the  rupture  modulus  at  any  porosity, 
is  the  modulus  at  zero  porosity, 
e  is  the  natural  logarithm  base, 

b  is  a  constant,  and 

P  is  the  volume  fraction  porosity. 


The  above  equation  for  the  strength  dependence  of  porosity  was  proposed  by  Duckworth  '*’' 

/o\ 

and  has  been  shown  by  Knudsen'  '  to  apply  to  much  of  the  literature  data.  For  the  present 
investigation,  the  constant  b  =  3,25,  while  =  50,500  psi: 
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0=  50,500  c"^-*®**  psl,  '  .1 

Limited  elevated  temperature  studies  have  been  completed  on  ZrC  at  this  time.  No  Slgni/1- 
cant  decrease  in  modulus  has  been  observed  up  to  700  C.  Sparse  data  at  1300  C  Indicate  some 

decreased  strength  at  that  temperature.  These  studies  are  continuing. 

\>  ••  •• 
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Figure  1.  HYDROSTATICALLY  BALANCED  HIGH-TEMPERATURE  FLEXURAL  STRENGTH  APPARATUS 


b)  Three-Point  Loading 


Figure  2.  PHOLOELASTiC  MODELS  OF  STRESS  IN  3-POINT  AND  4-POINT  LOADING 
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DC.  PHYSIOCHEMICAL  PROPERTIES  OF  SELECTED  THERMIONIC  EMITTER  MATERULS  -  A,  I.  KaznofI 

L.  N.  Grossman 
K  W.  Hoyt 

A.  Introduction 

During  the  course  of  thS'  experiments!  work  discussed  throughout  prndwHn^  sections  of  this  report  ii 
became  liecessary  to  estabilsh  or  review  data  on  the  physiochemtcal  properties  of  the  materials 

i)  \ 

system  being  investigated.  This  section  contains  a  discussion  of  the  related  work  of  the  above  nature 

/.I 

which  was  performed  during  the  contract  period. 


B.  Physlochemlcal  Properties  of  Boride  Thermionic  Cathode  Materials 


1.  Synthesis  of  YB^  and  EuB. 

6  6  )) 
Through  experience  it  has  been  established  that  the  best  technique  of  preparing  single-phase 
YBg  Is  by  the  following  reactions:  " 

3YH,  4-  13B-»2  YB.  4  3H, 

^  „  (t) 

YjOj^+  .lSB  -sa  YBg  ♦  flBO<g) 

Other  routes  can  be  used  and  are  being  used  at  various  laboratories.  This  synthesis  wsf 
usually  performed  in  a  graphite  crucible  (coated  wl^Jh  BN)  In  a  vacuum  Induction  furnace. 

In  general  the  synthesis  of  one  phase  borides  is  difficult  because  the  Y-B  system  has  many 
Intermediate  phases  such  as  YB^.  YB^,  YBg,  YB^j.  The  latter  three  frequently  occur  to¬ 
gether  and  considerable  high  temperature  homogenization  is  necessary  for  stoichiometry 
control.  Startin|)  material  purities  are  as  follows:  %  . 

B  00.6  -  99.9  per  cent  // ' 

M- 9  + per  cent 

High  temperature  syntheeie  and  fa(jricatloi:|  improve  the  purity  of  the  final  product  because 


most  of  the  tmpurltles'are  volatile  at  the  high  temperatures  and  vacuo  used  In  their  prepar* 
atlon.  This  is  true  for  both  YBg  and  EuBg.  In  the  case  of  EuBg  the  following  synthesis  was 
adopted,  .... 

EUjOgIcl+ia  B(c)  2  EuBg(c)+6BO(g)  g  (2) 

(I 

The  reactants  are  mixed  in  the  weight  ratio  of  2:lfor  Eu20g:B.  The  renoiion  is  carried  out 
in  BN  crucibles  in  a  tantalum  resistance  furnace  in  vacuo.  In  the  case  of  YBg  and  EuBg 
synthesis  puwders  of  about  325  mesh  are  used.  ..  ii 
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The  oxide-boron  loute  for  EuB^  synthesis  Is  relatively  simple  because  the  Eu-BNeystem  has 
only  one  reported  nteble  Intermediate  phase:  EuBg.  Attsmpte  to  syn^hMli  othni  tiui'iuvd 
such  as  EuB^  have  ended  In  failure.  i) 

The  product  YBg  and  EuBg  ai4  In  the  form  of  powder  coidiiacts  which  can  be  reduced  to  335 
merh  size  quite  readily  for  the  hot  pressing  fabrication  steps. 

Fabrication  of  the  Hexaborldes 

The  powder  hexaborldes  arc  fabricated  Into  denes  tsodtes  by  hot  praSSihit  In  vacuum.  The 
particular  geometry  fabricated  Is  dictated  by  the  end  use  of  the  material.  The  following 
are  typical  specimen  shapes  and  sizes  fabricated: 

a.  1/2  Inch  diameter  pellets  1/6  1/4  Inch  thick  for  emission  properties  measure* 

ments.  k'reln  growth,  sublimation,  etc. 

b.  1/4  inch  diameter  rods  up  to  1-1/2  -  2  Inches  long  for  physical  maasurements, 
thermal  and  electric  conductivities  an<^  total  hemispherical  emission, 

,  // 

The  pellets  are  hot-pressed  In  graphite  dies  (Craphitite  G)  coated  with  boron  nitride  at  tem¬ 
peratures  ranging  betwe'Siii  1500.  •  1700  C.  Nominal  pressures  are  4000-6000  pel  and  pres¬ 
sing  times  of  10- 15  minutes.  This  method  Is  highly  successful  with  YB^;  in  the  rase  of 
EuBg  the  pellets  are  frequently  cracke^<,s>  Pellets  of  L>/D~l  are  less  susceptable  to  crack¬ 
ing  In  the  case  of  EuBg.  A  pellet  of  this  type  is  cut  Into  thin  samples  (1/8  Inch  thick)  by 
mea^^  of  an  ultrasonic  cutter  using  a  boron  carbide  or  silicon  carbide  slurry.  Slicing  of 
YBg  can  be  easily  accomplished  with  blades  (SIC  or  diamond  wheels)  whlle^''ultra- 
sonlc  cutting  has  been  found  to  yield  the  best  results  with  EuBg  which  has  a  tendency  to  chip 
and  crack.  Borides  prepared\j  tKls  manner  have  high  densities:  62  -  90  per  cent  of  theo¬ 
retical  density. 


The  1/4  inch  rods  are  more  difficult  to  fabricate  In  the  lengths  required  for, ^ measurements. 
Graphite  dies  are  unsuitable  because  of  Urge  differences  in  thermal  expansion ^and  inter- 


''/aclal  reactions)  which  causes  cracking  of  the  specimen.  Successful  fabrication  was  ac¬ 
complished  b^  the  use  of  molybdenum  dies  with  tungsten  plungers.  The  specimen  has  to  be 
machined  out  of  the  die  to  prevent  breakage.  Evidence  of  reaction  with  Mo  was  noted. 


Further  fabrication  steps  are  usually  accomplished  by  ultrasonic  techniques: 
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a.  Fabrication  of  washer  geometries  for  sublimation  and  grain  growth  studies, 
h.  Drilling  Ik‘1^5  for  t^wporstitro  d^terniiriSHor. . 

The  surfaces  of  the  specimens  are  generally  finished  by  grinding,  polishing,  and  ultrasonic 
cleanltig 

Bonding  Studies 

In  order  to  utilize  the  borides  as  emitters,  it  Is  desirable  to  bond  these  materials  to  refrac¬ 
tory  metal  substrates  Such  composites  can  then  be  fabricated  into  practical  diode  gebme- 

M 

V 

tries  or  laboratory  emission  studies  equipment.  Tantalum  and  molybdenum),  were  selected 
as  substrate  materials.  YBg  was  bonded  to  these  materials  by  powder  metallurgy  tech¬ 
niques.  This  was  accomplished  by  hot  pressing  the  powders  (325  mesh  size)  Ih  a  graphite  . 
die.  The  operation  made  use  of  an  induction  heated  hot  press  at  1700  C  -  2006  C  and  5000  - 
lO.OOO  pal  for  a  duration  of  10-15  minutes.  A  sound  bond  was  nnade  between  YB0  and  tanta¬ 
lum.  The  reaction  layer  between  the  two' materials  was  found  to  be  primarily  Ta2B  and  TaB 
by  x-rays.  Bonding;  in  the  same  manner  to  molybdenum  "was  statistically  less  successful  and 
the  reaction  zone  between  the  two  materials  was  less  defined. 

f!  " 

Bonding  of  EuBq  to  Ta  and  Mo  by  powder  metallurgy  techniques  was  relatively  unsuccessful 
This  was  attributed  to  the  strong  reaction  between  the  materials  with  the  liberation  of  euro¬ 
pium  metal  at  the  Interface.  Frequently  a  bond  could  be  made  but  Interfaclal  separation  oc- 
curred  after  several  hours  in  air  at  roohi  temperature. 

s> 

Bonding  to  cups  of  tantalum  machined  fronl  solid  stock  was  successful  for  YB^  and  EuB^. 
The  borldee  were  bonded  as  powders  to  the  solid  tantalum  under  the  same  conditions  used  In 
the^ther  bunding  sludies.  These  compusitee  are  being  used  for  electron  emission  studies. 
In  order  to  gain  more  Information  on  interfaclal  reactions  between  the  hexaborides  and  tan¬ 
talum  powder  compacts  of  the  materUle  we  e  hot-pressed.  X-rays  showed  that  the  product 
was  Ta2B  and  TaB.  The  rare  earth  volatilized  at  the  high  temperitures  and  vacuum  main¬ 
tained  In  the  experiment.  Excess  of  tantalum  used  and  the  fine  powders  used  (^25  mesh) 
allowed  rapid  and  complete  reaction.  In  practical  configuration  it  can  be  posiutat.d  that  in 
the  cuse  of  YBg  the  following  reaction  may  take  place  at  the  Ta-YB^  interface; 

YBg(c)  +  4Ta(c)— 2  Ta2B(c)  (and  TaB)  +  YB^  (and  YB2)  (c) 
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a.  .  II 

These  reaction  prochicta  are  solids.  It  U,  of  course,  noted  that  some  yttrium  1^| volatilized 
durlriK  the  pr^icesa.  This  appears  to  be  the  case  when  pressing  YBg  In  molybdenum  dles> 

However,  ..vapor  or  liquid  formation  with  YB^  is  not  as  dominant  as  in  the  case  of  EuB^. 

P ,  ■  ■  ■■ 

In  the  case  of  EuB^,  the  following  reaction  appears  very  plausible: 

Ta(c)  +  EuBg(c)-;.TajB(c)  ♦  Eu(l,g) 

Thus,  one  of  the  products  is  a  liquid  with  a  very  high  vapor  pressure  at  the  bonding  tempera¬ 
ture  which  results  in  bond  weakness.  Elemental  europium  Is  easily  oxidised  in  air  which  can 
lead  to  Interfaclal  bonding  failures  through  the  oxidation  of  europium  metal  in  air. 

4.  SubllnuLtlon  Studies 

One  of  the  most  important  considerations  in  the  use  of  a  cathode  le.the  evaluation  of  material 
loss  as  a  function  of  temperature  which  in  turn  can  be  correlated  with  saturation  currents  ob- 
taiiublv  fioni  these  riialerlsli. 

In  order  to  study  this  Langi|^ulr  type  experiments  were^am^  out.  Pellets  of  YB^  were  » 
cut  ultrasonically  to  form  washers.  The  typical  dlmenslor^^  were  0.9  inch  0.0. ,  0.39  inch 
1. 0. ,  0.090  •  0. 139  Inch  thick.  These  were  supported  by  tungsten  rods  with  point  ccjintacts. 
The  material  was  placed  in  an  Induction  heated  vacuum  furnace  equipped  with  a  copper, 
water  cooled,  concentrator.  The  temperature  capability  of  the  furnace  Is  in  excess  of 
3700  C.  Measurements  were  carried  out  In  the  temperature  range  of  1990  -.^3000;^.  Ex¬ 
periments  showed  that  the  specimens  had  a  tendency  to  crack  at  temperatures  in  excess  of 
1900  C.  Over  30  determinations  were  mads  in  the  above  temperature  range.  Examination 
of  the  specimens  after  heating  revealed  that  the  surface  changed  from  a  characteristic  blue- 
black  of  YBq  to  reddish- gold,  typical  of  the  YB^  phase.  X-rays  conflrmsd  ths  fact  that 
the  surface  layer  wto  YB^  and  the  substrate  was  'TOg .  Subllinatlon  tests  around  1600  C 
showed  a  gradual  decrease  in  the  rate  of  loss  of  material  which  settled  to  a  constant  rate  in 
a  period  of  several  hours.  '' 

This  is  Interpreted  to  be  the  result  of  bJlM-up  of  the  porous  YB.  layer.  Higher  tempera- 

V.  i-fS  ' 

ture  runs  did  not  exhibit  this  behavior  as  a  steady  state  was  achieved  in  time  intervals  mea¬ 
sured  In  minutes.  The  presence  of  a  surface  layer  of  YB^  on  YBg  was  also  observed  by 
E.  Hoyt  (1)  in  previous  sintering  studies  of  YBg  powder  compacts.  In  order  to  obtain  true 
temperature  of  the  heated  YBg  specimens  a  black  body  hole  was  drilled  in  the  specimen. 
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Surfiice  temperatures  and  hiiie  temperatures  were  measured  In  the  range  of  700  -  1900  C 
which  allowed  the  determination  of  true  temperatures  In  the  sublimation  studies.  Spectral 
emUslon  of  0. 80  (at  O.OS  microns)  was  determined.  This  Is  at  variance  with  the  0. 70  value 

V.'  "  ■ 

reported  by  (2)»  G.  A.  Kudtntseva.  The  weight  loss  can  be  represented  by  the  following 
equation; 


A 

/T“ 


.-E/T 


min  cm 

where  A  -  fi.  M  x  10°  E  >  4.37, 400  (AH  a  74, 300  k  cal) 

This  equation  cannot  (it  used  to  obtain  thernwdynamlc  data  m  the  surface  area  was  estab¬ 
lished  macroscoplcally  and  the  true  surface  area  could  be  greater  by  as  much  as  one  or  f,vo 
orders  of  magnitude.  Furthermore,  the  presence  of  the  adherent  surface  layer  of  YB^  does 
not  allow  an  unequivocal  interpretation. | The  weight  loss  squatlon  represents,  therefore, 
the  steady  state  weight  loss  of  95  per  cent  dense  YB^  In  the  range  of  1600  •  2000  C.  Severstl 
Knudsen  cell  determlnatlons||iava  been  carried  out  but  the  results  are  too  maager  at  this 
time.  The  formation  of  Yb|  was  confirmed  In  the  effusion  studies  In  the  range  of.  1600  - 
1700  C. 


Since  the  hexaborldes  are  hl^ily  susceptlbl^ioxldatlon,  with  the  formation  of  borates,  it 
temperatures  above  1000  C  a  good  vacuum  is  essential  in  all  sublimation  studies.  Borate 
formations  may  give  low  sublimation  rates  at  low  temperaturee  and  higher  than  normal  rates 
at  high  tomperatur|s  by  the  volatilsation  of  boron  oxides.  Low  temperature  runs  In  a  poor 
vacuum  showed  that  YjOj  formed  on  the  surface.  At  higher  temperatures  only  YD^^^waa 
formed.  *> 


The  results  of  this  study  justify  the  conclusion  that  the  following  reimtlbn  occurs  at  high 
tempsratures. 


YB,(c)-..YB4(c)  +  B(g) 


Collected  subltnuite  appeared  to  be  predominantly  amorphous  boron.  Boron  Is  j^h^.majoi  con¬ 
stituent  by  spectroscopic  examination  and  yttrium  is  very  strong.  Free  boron  was  not  de¬ 
tected  In  the  solid  samples  after  sublimation  teats.  Higher  borides  such  as  YB^2  bIso 
absent.  Since  gaseous  species  such  as  MBg  and  MB^  have  never  been  reported,  it  Is  reason¬ 
able  to  assume  the  vapor  species  are  predominantly  elemental  boron  and  yttrium,  with  the 
formed  (dominating  the  latter.  Similar  sublimation  runs  have  been  made  on  EuBg  speclnuns. 
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» 


where  A  .  3.03  10®  E  -  ♦S», 000 

Theae  subllnutlon  atudlea  Indicated  that  the  volatlilaatlon  proceeda  by  the  following  reaction; 

EuBg(c)  •  Eu(g)  'f  6B(g)  ' 

Sp«ctrar  emiSBlon  is  itot  available  at  thla  tints.  No  surfacs  rsacttsn  protSuct  sltnllar  to 
in  the  (^aae  of  YB^  aubllniatlon.  haa  iteen pbaerved.  Thla  confirms  again  sarllar  obaerva- 
tiona  of  ®.  W.  Hoyt**'. 

Ths  rssulta  of  thsse  liiveatlgoUQita  point  out  very  largo  dlfferencaa  in  the  volatUliatlon  be¬ 
havior  of  the  hexabortdaa.  Utfferty  pointed  out  that  LaBg  loaea  lanthanum  metal  when 
heated  in  vacuum.  Sumauiiuv  crruiteuualy  aSAumea  that  SrBg  VulatllUeS  as  SrBglg),  and 
reporta  hla  Langmuir  experlmenta  on  00  per  cent  denae  material  aa  a  thermodynamic  deter¬ 
mination  of  the  heat  of  aubllmatton  liaaed  on  the  above  asaumptlon.  The  main  conclusion 
that  needs  to  be  drawn  ut  this  time  IS  that  no  generalletitlon  can  be  mads  for  bsaabortdss, 
even  for  hexaltorldes  of  the  lanthanides. 

.  ■  .  '.t  ■ 

The  correUllun  of  saturation  emission  current  with  sublimation  rats  for  YBh  Is  shown  In 
Figure  1.  Thle  material  needa  coneitlerable  space  charge  neutralisation  for  the  high  current 
deneltles  ae  surface  Ionisation  of  cesium  cannot  be  used  to  achieve  this.  Similar  data  for 
Eti^Df  Is  gtvsn  in  Figure  3.  The  high  work  function  of  BuBf  euggests  ttet  thii  raaterlsl  could 
be  used  In  t  ceillum  dtods.  The  electron  emtselon  data  was  taksn  from  Samsonov  (S). 

ComoaUbtHty  of  ths  Hsxaborldss  with  Cesium 

In  ordsr  to  svaluate  the  potential  of  uttlUtng  the  borides  in  csslum  thsrmla|nlc  convsrtsrsi 
tests  were  carried  out  to  check  If  these  materiale  are  attacked  by  roslum. 

Preliminary  reeults^n  a  test  run  at  1000  C  for  350  hours  are  now  available.  The  cesium 
pieHSure  was  nominally  1.82  torr  (300  C).  The  following  samples  were  tested; 

2(two)  composite  specimens  YBq  -  Ta 

l(one)  YBj  pellet 

l(one)  composite  YBg  »  Mo 

l(one)  composite,  EuBg  ’  '1'^  t 
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The  reaults  showed  that  the  tnrldes  ivere  not  attacked  by  cesium.  All  of  YB^  composites 
failed  at  the  interface.  The  EuSg  -  Ta  conspo.'^lte  remalhed  sound.  This  was  probably  a  re¬ 
sult  of  a  specially  designed  tataium  support.  X-rays  showed  the  presence  of  Y^Oj  at  the 
Interfaces  of  YB^  -  Ta.  This  leads  to  the  supposition  that  reaction  between  these  materials 
Is  possible  at  1000  C.  The  reaction  products  (Y  metsl)  caused  the  Interfactal  failure.  This 
failure  actially  was  observsd  during  the  disassembly  of  the  compatibility  test  chamber  In 
vacuum  dry  boa  (under  argon)  so  that  the  separation  eras  caused  during  the  test  and  not  as  a 
result  of  subsequent  exposure  to  air.  The  results  to  dats  Indicate  that  the  borides  have  good 
poaslbUltles  In  cesium  converters  but  that  the  bonding  of  borides  to  refractory  metals  Is 
not  satisfactory  although  the  scunteess  of  BuBg  •  Ta  Indicated  that  these  problems  may  be 
circumvented,  at  least  partially,  by  appropriate  design  of  the  composite  structure.  The 
test  also  showed  that  all  tantalum  aurtacas  ware  carburiaad.  The  cealum  teat  chamber  was 
eoaatructed  of  the  foUowlnf  materhils: 

a.  Cpntact  with  Uqiiad  cealum  1)  ii04  8.S. 

V-  a)  OFHC  copper 

(nickel  platad  on  the  ntarior) 


b.  Contact  with  cealum  vapor  1)  304  S.B. 

a)  Inconel 
3)  Tantalum 


The  mechanlam  of  carboi^  tranaport  lata  not  been  estsbllshsd. 

The  carbon  sink  was  tantalum  aa  Ta.C  formation  waa  obatfvad  and  conf irmad  by  x-  raya. 


The  mode  of  tranaport  la  at  tha  moment  obicure. 

carefully  cleaned  end  baked  before  the  lntroducttop.iA  liquid  cesium.  The  procedures  fol¬ 
lowed  closely  paralleled  those  ueod  in  the  el'ectroale  tube  amaufacture. 

w  .  .. 

Summary  of  Physicochemical  Properties  ■ 


Some  of  Uw  bssle  properties  of  YBg  end  EuBg  srt  given  below: 


O'  £1!?6 

Weight  Per  cent  Boron 

42.19 

29.  B 

Crystal  Structure 

cubic 

cubic 

lAttlce  parameter 

4.1n8 

4.179 

Density  (i^) 

3.75 

4. '95 

Melting  point  or  perltectlc 

2600*C(P) 

2?00°C 

;\N 

</ 
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Color  " 

Blue  violet 

Blue 

Electrical  resistivity 
micro  ohm-cm  at  298 “K 

10.4 

3100 

Rlchardaon- Duahnutn 

2.  31  ♦  lO’^T 

5.0-2  X  10'^ 

Work  function  ‘%|20 

(1300.1450*K) 
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C.  Oxidation  and  Evaporation  CharactartaUca  of  Carblda  and  Boride  Matariala 

The  following  analysla  and  astlmata  of  oxldhtlon  and  evaporation  characteristics  of  carbides  and  bor^ 
Idas  served  as  a  guide  for  the  high  temperature  experimental  measuremsnts  Involved  In  this  program. 

At  sufficiently  low  temperature,  a  clean  reactive  surface  will  become  oxidised  at  a  rate  determined 
by  the  arrival  rate  of  oxygen  at  the  surface.  This  sets  the  maximum  rate  of  oxide  formation.  The 
true  rate  of  formation  Is  less  than  the  oxide  arrival  rate  by  the  rata  of  decomposition  (svapuratlon) 
of  the  oxide.  The  foregoing  argument  Implies  that  at  sufficiently  low  temperatures,  the  rate  of  for- 
uiatlon  Is  Independent  of  material;  l.e.  as  long  as  an  oxide-former  Is  heated  In  oxygen,  the  rate  of 
formation  of  the  initial  oxide  lay'lir  Is  solely  a  function  of  pressure  (at  sufficiently  low  temperature). 

I) 

The  arrival  rfte  of  oxygen  nwlecules  near  room  temperature  and  at  a  pressure  P(mm  Hg)  Is  given 
by  kinetic  theory  roughly  as 

N  /raoleculesX  „,o20p  (1) 

T  1  4  I  mm 

'  cm  sec' 

For  example,  at  10*®  mm  Hg,  a  surface  1  cm*  will  be  Impinged  upon  10*®  times  In  about  100  seconds. 
If  this  surface  reacts  with  oxygen,  and  If  the  "accomodation  coefficient"  for  the  surface  is  unity,  a 


\\ 
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monolayer  of  cslde  will  form  within  100  sMonds.  In  order  for  a  surface  to  survive  1000  seconds  with 

-8 

negligible  monolayer  formation,  a  vacuum  of  about  10  mm  Hg  in  mnulrwi  by.  this  analysis, 

-7 

The  rate  of  reaction  product  build-up  on  ZrC  In  a  dynamic  vacuum  of  5  v  lO  tort\,canbeaeen  quali¬ 
tatively  In  Figure  3.  To  obtain  this  data,  the  specimen  was  flashed  to  3400  K  and  then  cooled  in  less 
than  10  seconds  to  about  1400  K.  The  Increase  in  spectral  emission  with  tlnie  is  indicative  of  the 
formation  of  an  optically  thick  layer  of  reaction  product  on  the  ZrC  surface.  From  the  preceding 
analysts,  It  is  seen  that  a  layer  about  10^  monolayers  thick  is  optically  thick  at  O.OSu . 


The  maximum  rate  of  departure  of  an  oxide  from  surface  Is  given  by  the  Ibtal  decomposition  pressure 
(or  vapor  pressure)  of  the  oxide.  The  stable  oxides  exhibit  a  vapor  pressure  above  10**  mm  Hg, 
abbve  some  temperature  which  lies  between  1800  K  and  1300  K,  For  okample,  the  vapor  pressure 
of  ZrO,  exceeds  10'*  mm  Hg  above  3000  K  *  100  K;  therefors,  a  clsan  ZrC  should  remain 

clean  above  MOO  K  *  100  K  in  8  pressure  of  lO'*  mm  Hg  of  oxygen.  The„maxlmum  rate  of  departure 
of  a  thick  oxide  layer  la  given  by  Knudeen'a  formula:  '// 


a-  44.10**^P 

’  ^  \tin*eec/ 


where 

Q  la  the  maae  of  evaporating  epectea 

II  la  the  average  molacuUr  welgln  erf  evaporating  speclea 

T  la  the  temperature  00,  and 

P  la  tha  total  deoompoattlon  pressure  of  the  evaporating  eonyound  at  the  temperature  T . 

It  is  dear  from  ths  abovs  formub  that  flashliig  to  high  tamporatura  Is  not  nsoossarUy  a  cure-all  If  u 

eonaldsrable  oxlds  la  prsasnt;  ths  tima  at  high  tsmpsraturs  Is  sn  important  fsetof;. 

■  ■■  '  ‘  ■ 

for  piactical  application  with  ths  subjswt  materials,  ths  following  general  rules  should  apply: 

1.  "^Oxides  (or  borates)  will  form  at  a  rate  given  roughly  by  equation  (1)  at  temperatures  above 
i-oom  temperature  and  such  that  the  vapor  preaaure  of  the  oxide  le  less  than  iliat  of  oxygen 
In  the  system. 

3.  The  oxlded  or  borates  will  decompose  at  temperatures  such  that  the  vapor  pressure  of  the 
oxide  Is  greater  than  that  of  oxygen  in  the  systein.  The  maximum  rate  of  weight  foss  Is 
given  by  equation  (3). 
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ExperimeiitHl  evldoitcr  of  temperatuves  Ku^i'lcienUy  hiph  to  decumpoM  thrn«  axldcs  haa  liecit  uliuiit^ 

In  thta  laboratory:  7rc  "cleans  up"  above  2100  K  .In  lo'^  mm  Hp  vacuum:  YUg  and  Kuiig  clean  up' 
above  2000  K  In  10'^  to  10'^  mm  H|(.  The  rate  ol  clean  up  has  not  been  tabulated. 

a 

From  the  stabthty  of  the  product  oxides,  It  apiteurs  that  uno  should  be  able  to  clean  up  UC,  (U.  Z)rC. 
UCj*  The,  and  ThCj  above  2100  K  In  a  vacuum  of  10*^  niiii  IIk.  The  length  of  lime  one  must  remain 
at  ^bat  tsmptrature  la  dependent  on  the  amount  of  oxide  present:  that  is,  on  the  lenKth  of  time  the  spacl- 
men  has  been  exposed  to  10'^  mm  Hu  of  oxyuen  ni  uxidUlnu  temperatures  (I.e,  approximately  400  K 
;T.1#00K). 


The  evaporation  rates  of  some  bulk  materials  are  ul^'en  Iwlnw; 


Material 


BuBa 


UC, 


Evaporation  Rate 


■o!.. 

/27,400\ 

Vnln  cm^r 

'  rr 

,  3.03  • 

W.o«\ 

Xniln  emV 

4t 

\  r  / 

log  P„  (atmos)  .  -  e  e,  20 

u  j 


ZrC 


log  Rgjj.  (atiTX)s)  -  -  ?SJ2£  ♦  J.73 


\cin*  Me/  * 

.W.,. 

<Uo.2?ro.8)C  ■  ,, 


0.7 


0.3 


The  thorium  carbides  will  lose  weight  a  little  faster  than  their  UC  counterparts.  \\ 


*YBg:  This  material  when  exposed  to  vacuum  at  high  temperature  sublimes  quite  readily.  Oiir 


Langmuir  experiments  gave  the  following  result; 

icms 

\V  s*”" 


min  cm 


8.36  X  iQ-’  ..j  37400 

2  VT"  T 


YB^  do«9  not  cORsru«nt!y.  r«Wl9h-B0ld  mntoHnI.  N»tl*l«  up  <v*;  tl>«>  *t  nigh 

tomporaturw  (above  ISOO  C  and  probacy  at  lower  tettipaniiurea).  Our  studtea  abowed  that  YB^ 
forned  as  a  porous  layer  on  the  surface.  K  was  vtslbls  In  about  1/1  hour  at  1500  C  and  In  a  mat¬ 
ter  of  minutes  at  SOOO  C.  Initial  nddlmatton  latee  at  the  lower  temperatures  were  higher  In  the 
inittai  atagee  due  to  the  subiimattun  of  tmpurjtl^  from  the  borldea.  Ht^  tesapefrftture  eubitam- 
tlon  ratea  were  fairly  constant  with  ttsse.  Our  aaperlmants  were  run  under  a  nominal  eaeunm  of 

R  ft 

10’  -10*”  torr.  True  pressure  could  ;e^eed  theae  values  by  a  factor  of  tan.  Thaos  presmues 
are  uaaettatacfeory  because  residual  myfsa  caused  oaldatlon  of  the  surface  of  YB^,  A  laysr  of 
¥|Og  iorraedi  Ac  high  temperatures  this  did  not  occur  and  only  yB|  was  ohoervsd  on  chs  surtaes. 

The  spsotral  emission  (rom  YB^  (with  a  YB^  laysr)  Is  around  0.  M  at  0,  M  mlorons.  The  room 
tompsiature  sleetrleal  rsalativuy  la  ateot  10  micro  ohms  em.  The  material  la  metallic  and  tbs 
fflsdtmhnn- Prana  ratio  may  be  used  for  hl-temperaturs  eatrapolatlon  and  approalmatlOB  of  the 
thermal  conduotlvlty.  The  electron  emission  data  Is  reported  as 

j-atV**.^ 

A  •  M  p  il  l.  II  volts 

Msaaurssaents  were  made  up  to  about  1710  K.  At  high  temperatures  used  in  emission  studlss  It 
ean  be  eapected  that  some  Interfaoial  reaction  between  YB^  and  Ta  will  occur.  Liberation  of  Y 
inotal  may  occur. 


**lttBg:  This  nmterlal  sublimes  congrusntly.  Therefore  no  oomposttloiiai  changoa  on  tho  aurfaoo 
ean  be  mq^tsd  due  to  sublUnatien.  A  posslbUlty  of  eontarlilnatiOB  by  iiurt^um  metal  film  on  the 
surface  aalsta  as  SuB^  will  reset  with  Ta  at  high  temperatures.  The  subllmatloa  rate  detarmlaad 
hers  Is  ai  follows.  -  ■  - - - 


sms  _  1.01  u  10”  ,.|M00/T 

'  ^  '•  ■  ^ 

The  alsetrlcsl  resistivity  at  room  tsmporaturs  Is  about  3100  micro  ohms-cm.  BiiBg  Is  ter  mors 
brittle  then  YB^ .  It  is  also  less  stable  in  s  mschsaical  ssnos  at  high  temperatures.  Ws  found 
that  washers  of  EuB^  fractured  when  1000  C  was  sxcaedsd.  The  reported. work  function  la  about 
5.0  e.v. 


0-11/0-12 


a 


\ 


Hg«r»  $.  ZaC^ifCnUM.  jEMSIlON  VBSUS  7IME  AfTHt  HASliliNG 
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